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I .  IOTRODUCTION 


General  Considerations 


During  the  thirty  years  since  B.  A.  Toms  first  published  his 
work  on  the  subject,  it  has  been  well  established  that  consid¬ 
erably  reduced  resistance  to  the  turbulent  shear  flows  of  liquids 
may  be  achieved  through  the  addition  of  small  quantities  of  high 
molecular  weight  polymers  into  the  fluid.  This  phenomenon  of 
drag  reduction  is  of  great  importance  and  has  far-reaching  impli¬ 
cations  in  the  reduction  of  power  required  for  the  pumping  of 
fluids  and  the  transport  of  bodies  through  liquids. 

Early  drag  reduction  efforts  were  primarily  concerned  with 
well-developed  pipe  flows,  the  area  in  which  the  first  observa¬ 
tion  was  made.  Until  recently,  researchers  have  directed  their 
efforts  toward  characterizing  the  manner  in  which  the  boundary 
layer  velocity  profiles  were  affected  in  an  attempt  to  quantify 
the  effect  of  polymer  additives.  Results  similar  to  those 
achieved  in  pipe  flows  have  been  obtained  in  investigations 
dealing  with  external  flows,  such  as  on  a  flat  plate.  The 
magnitude  of  the  turbulent  fluctuations  in  the  boundary  layer 
are  found  by  some  researchers  to  decrease  with  a  thickening  of  the 
laminar  sublayer  and  a  lowering  of  the  wall  shear  stress.  Other 
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researchers,  however,  have  found  no  evidence  of  this  thickened 
sublayer.  A  limit  to  the  amount  of  drag  reduction  achievable  with 
polymer  use  has  been  demonstrated  and  increases  in  the  shear 
stress  have  been  observed  when  excess  polymer  is  used.  Shear 
stress  reduction  for  external  flows  over  bodies  has  been  achieved 
by  the  ejection  of  polymer  solutions.  The  exact  mechanism  of 
shear  stress  reductions,  however,  still  remains  undefined.  Am¬ 
biguities  in  measurement  techniques  due  to  polymer  effects  on 
commonly  used  instrumentation  and  confusing  features  of  varied 
flow  facilities  have  contributed  to  making  past  investigations 
contradictory  and  difficult  to  interpret. 

It  is  evident  that  a  better  understanding  of  the  mechanism 
of  drag  reduction  in  developing  flows  with  polymer  ejection  is 
required  if  advantage  is  to  be  taken  of  the  phenomenon  for 
practical  application.  Most  cases  of  interest  in  external  flows 
would  require  that  a  carried  polymer  supply  be  used  for  ejection 
into  the  boundary  layer.  Presently,  very  little  is  known  about 
the  effect  of  ejection  techniques  on  polymer  distribution  in 
developing  boundary  layers  of  external  flows  and  no  information 
is  available  on  the  effects  of  polymer  on  boundary  layer  trans¬ 
ition  phenomena. 
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Scope  and  Objectives  of  Present  Studv 

The  object  of  the  research  described  herein  was  to:  (1) 
develop  a  flow  facility  suitable  for  the  study  of  polymer  flows; 
(2)  perform  velocity  measurements  using  non- flow-disturbing 
laser  Doppler  anemometry  techniques  with  real-time  data  process¬ 
ing;  (3)  develop  methods  for  the  prediction  of  local  skin  fric¬ 
tion  values  as  a  function  of  local  polymer  wall  concentration; 
(4)  determine  the  effects  of  ejection  techniques  on  the  distri¬ 
bution  of  polymer  in  the  boundary  layer;  and  (5)  determine  the 
diffusion  characteristics  of  a  polymer  when  ejecting  it  into  a 
laminar  boundary  layer  and  also  its  effect  on  transition. 

Approach 


A  flow  facility  was  constructed  under  the  constraints  of 
limited  funds  and  practicality  of  construction.  The  basic 
tunnel  structure  was  designed  with  a  width-to-height  aspect  ratio 
of  5:1  to  minimize  the  effects  of  side  wall  boundary  layer 
growth  and  corner  flows  in  the  rectangularly-shaped  channel. 

Flow  delivery  was  by  constant  head  gravity  feed  to  minimize 
vibration  effects.  The  polymer  delivery  system  provided  minimum 
mechanical  degradation  of  polymer  solutions  while  allowing 
variations  in  polymer  concentrations  and  ejection  velocities. 
Transition  from. laminar  to  turbulent  flow  was  achieved  at  midplate 


position  allowing  ejection  of  polymer  solutions  into  a  developing 
laminar  boundary  at  the  plate  leading  edge  and  transitioning  to 
turbulent  flow  along  the  plate.  Boundary  layer  velocity  profiles 
through  transition  to  turbulent  flow  were  taken  with  laser  Doppler 
anemometry  techniques,  non-disruptive  of  the  flow  nor  affected  by 
polymer  characteristics. 

Using  boundary  layer  sampling  techniques,  polymer  diffusion 
characteristics  were  measured  at  five  axial  wall  locations  along 
the  plate,  as  well  as  at  eight  positions  normal  to  the  plate  at 
each  wall  station.  The  ejected  polymer  concentrations  were  con¬ 
taminated  with  a  fluorescent  dye,  which  was  later  used  to  analyze 
the  concentrations  of  the  boundary  layer  samples.  Thus  it  was 
possible  to  measure  the  change  in  wall  concentration  and  concen¬ 
tration  profile  in  the  boundary  layer  during  laminar,  transitional, 
and  turbulent  flow. 

Analytical  methods  were  developed  to  predict  skin  friction 
coefficients  as  a  function  of  local  polymer  wall  concentrations 
for  comparison  with  experimentally  determined  values. 


II.  LITERATURE  REVIEW 


Historical  Background 


B.A.  Toms  (1949)  published  the  first  data  on  the  friction 
reducing  effects  of  polymers  and  showed  that,  for  conditions  of 
turbulent  flow  with  constant  pressure  gradient,  the  average 
velocity  of  monochlorobenzene,  flowing  in  a  pipe,  increased 
substantially  with  the  addition  of  dilute  quantities  of  polymethyl 
methacrylate.  Friction  reduction  of  up  to  50%  was  achieved 
(as  compared  with  the  pure  solvent)  by  the  addition  of  .25% 
by  weight  of  polymer  to  the  solvent. 

Oldroyd  (1949)  attempted  to  explain  this  phenomenon 
(presently  referred  to  by  many  as  the  ”Toms  effect”)  as  a  wall 
effect  due  to  exclusion  of  large  polymer  molecules  from  a  region 
near  the  wall  due  to  their  size.  As  a  result  of  studies  on  the 
flow  of  gasoline  thickened  with  aluminum  soaps  at  Edgevood  Arsenal 
during  World  War  II  (but  not  published  at  that  time)  ,  Xysel  (1949) 
applied  for  and  received  a  patent  in  1949.  He  observed  that  in 
tubulent  flow  the  pressure  loss  per  unit  length  of  pipe  was  much 
lower  for  thickened  gasoline  than  that  of  the  pure  solvent. 

The  importance  of  drag  reduction  seemed  to  have  been  over¬ 
looked  until  the  late  1950s  when  Shaver  and  Merril  (1959)  and 
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Dodge  and  Metzner  (1959)  published  results  indicating  the  low 
friction  factors  of  non-Newtonian  solutions,  such  as  sodium 
carboxymethycellulose ,  in  water.  Similar  observations  of  reduced 
friction  were  made  in  the  oil  well  industry  with  the  use  of  the 
plant  derivative.  Guar  Gum.  Solutions  of  the  product  were  used 
to  suspend  sand  in  the  high-pressure,  sand-water  mixtures  utilized 
in  oil  well  fracturing  operations. 

These  experiences  led  to  U.S.  Navy  studies  in  the  early  I960* s 
on  possible  military  applications  of  friction- reducing  effects. 
Among  Navy  reseachers,  Hoyt  (1963)  made  the  first  significant 
contribution  followed  by  Fabula  (1964)  who  discovered  the 
spectacular  friction  reducing  ability  of  polyethylene  oxide,  the 
most  effective  friction-reducing  material  known. 

Crawford  (1962)  and  Savins  (1961)  led  the  early  efforts  of 
industrial  research  centers.  The  years  that  have  followed  these 
early  efforts  have  produced  an  ever-increasing  number  of  inter¬ 
national  papers,  reports,  and  conferences  on  the  subject. 

Excellent  summaries  of  research  efforts  and  results 
available  in  the  field  of  drag  reduction  have  been  presented  by 
Lumley  (1969)  and  Hoyt  (1972).  Palyvos  (1974),  however,  prepared 
the  most  extensive  and  detailed  review  of  research  efforts  to  date. 
This  review  reveals  that  after  years  of  active  research  and  the 


combined  efforts  of  hydrodynamicists,  polymer  chemists  and 
rheologists  in  many  countries,  there  is  yet  no  adequate 
theoretical  explanation  for  the  mechanism  of  drag  reduction,  nor 
is  there  a  satisfactory  correlation  of  the  viscoelastic  properties 
of  dilute  polymer  solutions  with  their  friction  reduction  effect. 

Literature  pertaining  to  the  current  study  will  be  reviewed 
under  four  separate  categories: 

1.  Turbulent  boundary  layer  theory 

2.  Homogeneous  polymer  flow 

3.  Polymer  ejection  studies 

4.  Experimental  facilities  . 

Turbulent  Boundary  Layer  Theory 

The  concept  of  transition  from  laminar  tc  turbulent  flow  was 
first  demonstrated  in  1880  by  Osborne  Reynolds  in  his  classic 
pipe  flow  experiment.  The  next  major  step  did  not  occur  until 
1904  when,  by  demonstrating  the  existence  of  a  thin  "boundary 
layer"  in  fluid  flows,  L.  Prandtl  allowed  the  reconciliation  of 
viscous  flow  with  classical  frictionless  hydrodynamic  relations. 

In  1914,  by  showing  that  boundary  layers  could  be  either  laminar 
or  turbulent,  Prandtl  freed  early  investigations  from  the  limi¬ 
tation  of  considering  only  laminar  boundary  layers.  The 
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introduction  of  the  "Prandtl  mixing  length  theory”  in  1925  was  a 
major  contribution  toward  the  understanding  of  the  development  of 
the  boundary  layer  velocity  profile.  Since  that  time  there  have 
been  an  ever-increasing  number  of  contributions  to  the  under¬ 
standing  of  the  flow  of  fluids. 

Many  attempts  have  been  made  to  predict  the  conditions  that 
govern  the  transition  of  laminar  to  turbulent  flow  as  well  as  to 
predict  velocity  profiles  and  wall  shear.  H.  Schlichting 1 s  classic 
text.  Boundary  Layer  Theory  (1968),  remains  the  most  comprehensive 
treatment  of  the  subject  to  date.  In  this  work,  laminar  and 
turbulent  boundary  layers  in  both  compressible  and  incompressible 
flows  over  a  wide  range  of  application  are  addressed.  However, 
analyses  of  the  turbulent  boundary  layer  problem  still  rely  heavily 
on  a  combination  of  dimensional  analysis,  empirical  data  and  flow 
visualization  techniques.  Also,  during  1968,  an  attempt  was  made 
to  introduce  order  into  turbulent  boundary  layer  research.  A 
conference  of  the  world’s  leading  boundary  layer  researchers  was 
called  at  Stanford  University.  Kline  (1968)  edited  the  proceed¬ 
ings  of  that  conference,  in  which  some  29  methods  and  approaches 
to  the  analysis  of  the  turbulent  boundary  layer  were  presented 
and  discussed. 

Viscous  Fluid  Flow,  a  text  by  F.M.  White  (1974),  discusses 
many  of  the  more  significant  methods  of  analysis.  Two  major 
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approaches  evolved:  (1)  integral  methods  averaged  across  the 
boundary  layer,  and  (2)  finite  difference  techniques  which  attempt 
to  solve  the  full  partial  differential  equations  of  the  boundary 
layer . 

In  the  last  analysis,  it  remains  that  the  empirical  dimen¬ 
sional  analysis  approach  is  still  the  most  useful  for  engineering 
purposes.  The  scientific  world  is  indebted  to  the  physical  insight 
of  Prandtl  and  Von  Karman  for  the  formulation  of  the  turbulent 
velocity  profile  concept.  Consideration  of  regions  of  influence 
where  the  relative  importance  of  viscous  shear  or  turbulent  shear 
dominate  led  to  the  formation  of  the  three-layer  concept  for  the 
velocity  distribution  in  a  turbulent  boundary  layer.  The  layers 
are: 


Inner  Layer: 
Outer  Layer: 
Overlap  Layer: 


Viscous  shear  dominates 
Turbulent  shear  dominates 
Viscous  and  turbulent  shear  equally 
important . 


The  mean  velocity  distribution  in  a  two-dimensional  turbulent 
boundary  layer,  u(y) ,  depends  upon  four  local  parameters:  the 
local  wall  shear  stress,  the  fluid  density,  p;  the  fluid  vis¬ 
cosity,  p;  and  the  boundary  layer  thickness,  5.  For  the  inner 
law,  Prandtl  (1933)  deduced  that  the  mean  velocity  depended  on  the 
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wall  shear  stress,  the  fluid  properties,  and  the  distance  y  from 
the  wall  which  led  to  the  following  functional  relation  for  the 
inner  law: 


u  -  f(Tw,  p,  u,  y).  Cl) 

For  the  outer  layer,  von  Karman  deduced  that  the  wall  acts  only  as 
a  source  of  retardation  reducing  the  local  velocity,  u,  below  the 
freestream  velocity,  U^,  in  a  manner  independent  of  the  viscosity, 
U.  The  outer  law  or  velocity  defect  relation,  as  it  is  sometimes 
called,  becomes 


U  -  u  «  f (t  ,  p,  y,  v) . 
e  w 


(2) 


Coles  (1954)  performed  a  dimensional  analysis  on  these 
* 

relationships,  where  V  is  a  characteristic  velocity  called  the 
wall  shear  velocity,  and  is  defined  as 


Near  the  wall.  Coles  (1954)  found  that  the  velocity  profile 
is  unaffected  by  the  boundary  layer  thickness,  therefore 


4- 

Inner  Law  U 


(4) 


Far  from  the  wall,  viscosity  does  not  affect  the  velocity 
distribution.  (The  viscosity  effects  are  concentrated  near  the 
wall. ) 

y 

Outer  Law  *  \  <  »  g(v/o)  (5) 

In  the  overlap  region  between  the  inner  and  outer  layers, 
the  commonly  known  relation  for  the  "law  of  the  vail"  (shown  in 
figure  1)  may  be  obtained  by  equating  equations  (4)  and  (5) ,  such 
that 
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★ 


(6) 


The  constants  K  and  B  have  been  determined  by  the  data  of 
Nikuradse  (1930)  to  be  K  *  .40  and  3  =*  5.5. 


Coles  (1954)  presents  a  correlation  of  the  dimensionless 
* 

velocity  profile,  u/V  ,  with  dimensionless  distance  from  the 
wall,  yv)v,  up  to  a  value  of  about  300.  Neglecting  separating 


flows,  the  data  collapse  into  regions  governed  by  the  inner  and 
logarithmic  outer  laws  with  the  following  limits: 


I 


Logarithmic  Law: 


a,  -  2.5  in  *5.5,  35  <^< 


300. 


(8) 


* 

+  yV 

For  values  of  y  =  <  ^  >  300,  the  viscosity  is  of  negligible 

importance  in  the  determination  of  the  shape  of  the  boundary 
layer.  The  data  will  then  correlate  with  the  velocity  defect  law 
(shown  in  figure  2)  in  such  a  way  that 
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In  a  subsequent  paper,  Coles  (1955)  postulates  that  a  two- 
dimensional  boundary  layer  of  an  incompressible  fluid  may  be 
represented  by  a  linear  combination  of  two  functions: 


The  function  f(yV*/v)  is  given  by  equations  (7)  and  (8).  Coles 
refers  to  the  function  W(y/5)  as  the  "law  of  the  wake."  The 
function,  IT,  is  related  to  Clauser's  (1954,  1956)  equilibrium 
parameter,  8,  designed  as  follows: 
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After  additional  study,  Clauser  concluded  that  the  typically 


fuzzy  thickness,  5,  should  be  replaced  by  the  displacement 


thickness,  <5^,  30  that  the  accepted  parameter  is  now 


0  ■ 


(12) 


The  "wake  parameter,"  IT,  has  a  reasonable  fit  to  data  when  given 
by  the  relationship 

H  =  0.8(3  +  0.5)°*75.  (13) 


Coles  (1956)  proposed  the  following  curve  fit  for  the  wake 
function,  W,  as 

w  f  =  2sin2  |  •  f  .  (14) 

Then  in  ColeTs  notation  for  the  overlap  and  other  layers,  we  nave 
the  following 

u+=  £ln(y+)  +  B  +  £  w  (|)  .  (15) 

It  may  then  be  seen  that,  near  the  wall,  the  velocity 
profile  is  dominated  by  friction  forces  and  the  function 
f(y  •  u  /v)  controls.  Away  from  the  wall,  the  profile  is  dominated 
by  inertia  forces,  with  the  function  w(y/<5)  controlling. 


Kline,  Runstadler,  and  Reynolds  (1963)  visually  demonstrated 
the  existence  of  three  regions  of  turbulent  boundary  layers,  using 
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a  combination  of  pulsed  hydrogen  bubble  techniques,  hot  film  probes, 
and  dye  streak  photographs*  Shown  in  figure  3,  the  flow  regions 
of  the  turbulent  boundary  layer  model  are: 

1.  A  laminar  flow  region  having  a  near  regular,  three-dimen¬ 
sional  flow  pattern  for  a  range  of  y+  from  0  <  y(u^/v)  <  10. 

2.  A  fully  turbulent  region  of  randomly  fluctuating  eddies. 
This  region,  sometimes  called  the  inner  turbulent  region,  exists 
over  a  range  of  y+  from  10  <  y(u^/v)  <  370. 

3.  An  outer  turbulent  region,  or  wake  region,  extending 
from  y+  of  approximately  370  to  the  outer  edge  of  the  boundary 
layer.  In  this  region,  large  scale  turbulent  eddies  are 
found . 


Brady  (1973)  summarized  the  work  of  Kline  et  al.  (1963)  as 
follows : 


Kline  et  al.  found  the  rlaminar  sublayer r  to  be  made 
up  of  a  regular  structure  of  low  and  high  velocity  longi¬ 
tudinal  streaks  which  meander  transvers^  and  normal  to  the 
wall.  A  dimensionless  streak  spacing  X  =*  Xv*/v  *  76.5 
was  found  for  zero  pressure  gradients.  These  streaks 
either  break  up  or  randomly  burst  from  the  sublayer  into 
the  fully  turbulent  region. 

The  fully  turbulent  region  is  one  of  intense  mixing 
and  high  dissipation  of  energy.  Protruding  from  this 
region  are  intermittent  large  eddies  —  visualized  as 
peninsulas  of  turbulence. 


Figure  3.  PJctorJal  sketch  of  boundary  layer  flow  (from  Kline  (1963)) 
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The  peninsulas  of  turbulence  which  extend  into  the 
third  boundary  layer  zone  —  the  outer  turbulent  region 
—  gives  it  a  characteristic  not  unlike  the  wake  behind 
a  cylinder.  It  has  rather  large  lumps  of  turbulence 
at  intermittent  spacings. 

It  is  clear  that  the  driving  force  for  the  entire 
turbulent  boundary  layer  is  the  generation  of  velocity 
streaks  in  the  sublayer  and  their  subsequent  bursting 
outwards.  Kline  presents  the  results  of  many  other 
investigators,  as  well  as  his  own,  in  support  of  this 
hypothesis . 


Homogeneous  Polymer  Flow 

Since  the  early  work  of  Toms  (1949),  Oldroyd  (1949),  and 
Mvsel  (1949) ,  many  high  molecular  weight  polymers  have  been  shown 
to  be  effective  drag  reducers.  Among  the  most  prominent  are: 
polysaccharides  (Guar),  polyethylene  oxide,  polyacrylamides,  and 
sodium  carboxymethyl  cellulose.  For  the  most  part,  investigators 
have  considered  mainly  pipe  flows,  therefore,  this  effort  will 
be  considered  first. 

Pipe  Flow 


Table  1  from  Hoyt  (1972)  shows  the  effectiveness  of  small 
concentrations  of  polymer  on  drag  reduction.  Listed  are  those 
concentrations  required  to  achieve  67%  drag  reduction  in  pipe 
flow  at  Re  *  14  X  10^ . 
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TABLE  1 

CONCENTRATIONS  (WPPM)  OF  MATERIAL  REQUIRED  TO  ACHIEVE  677. 
DRAG  REDUCTION  IN  PIPE  FLOW  OF  Re  “  14  x  103 
(FROM  HOYT  (1972)) 


Polymer 
Gum  Karaya 
Guar 

Polyacrylamide,  Polyhall~250 
Polyox  WSR-301 


Concentration  (WPPM) 
850 
400 
20 
10 


Hoyt  and  Fabula  (1964)  and  Virk  (1971)  present  data  that  show  a 
maximum  drag  reduction  asymptote.  For  a  smooth  pipe,  this 
asymptote  corresponds  to  80%  of  the  friction  reduction  that  would 
be  attained  if  completely  laminar  flow  were  sustained  at  a  given 
Reynolds  number. 


Meyer  (1966)  and  Elata  et  al.  (1966)  have  shown  that  drag 

reduction  in  pipes  is  due  to  a  thickening  of  the  laminar  sublayer 

It  was  shown  that  the  constant  B  in  the  law  of  the  wall  equation 

(6)  remained  constant  and  equal  to  the  Newtonian  value  until  a 

* 

critical  threshold  value  of  the  shear  velocity,  V  ,  was  reached. 

* 

Thereafter  the  value  of  B  increased  logarithmically  with  V  : 
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B  ■  5.5  +  Z  la 

B  -  5.5  +  (IB, 

where  AB  ■  3  In 

Using  decs  from  several  lnvestlgacors, 
found  chat: 


(16) 

(17) 

(18) 


F.M.  White  (1968) 


oC' 


w 


(19) 


where  a  ■  2.3,  and  y  *  0.5, 


(20) 


with  a  maximum  value  of  2  of  approximately  11.  The  data  further 

* 

indicated  that  the  critical  shear  velocity,  V^,  for  the  onset  of 
drag  reduction  was  .08  ft /sec.  Virk  (1966)  deduced  from  exper¬ 
imental  data  that  the  onset  shear  stress  is  inversely  proportional 
to  the  polymer  molecular  radius  of  gyration.  The  critical  wall 
shear  stress,  which  must  be  exceeded  for  drag  reduction 
to  occur  is  given  by 

t  -  0(0.624  X  10  u/R  )  ■  - s -  (21) 

w  G 

RG 

where  R_  is  the  rms  radius  of  gyration  of  the  molecule  obtained 

<9 


from  light  scattering  data. 


21 


Fabula  et  al.  (1969)  developed  a  criteria  for  the  critical 
wall  shear  stress  at  the  onset  of  drag  reduction  based  on 
molecular  deformation  times  and  a  molecular  characteristic  relaxa¬ 
tion  time.  It  is  thought  that  individual  molecules  are  too 
small  by  several  orders  of  magnitude  to  interfere  with  the 
turbulence  structure,  indicated  by  the  small  value  of  the  ratio 
of  the  polymer  molecule  scale  to  the  scale  of  turbulent  eddies 
at  onset. 

To  circumvent  this  problem  of  length  scales,  Fabula 
postulated  an  interaction  between  the  time  scales  of  the  periodic 
molecular  deformation  in  the  viscous  sublayer,  given  by  /2H , 
where  7  is  the  shear  rate,  and  a  molecular  characteristic 
relaxation  time,  The  molecular  chare t eristic  relaxation 

time,  r^,  may  be  determined  by  the  Zinas  or  Rouse  theories  which 
relate  a  characteristic  relaxation  time  of  the  solution,  x  t  to 
the  solvent  viscosity,  the  solution  viscosity,  u;  the  polymer 
molecular  weight,  M;  temperature,  T;  and  the  concentration  of 
polymer,  C.  It  follows  then  that 

_  a(u-us)M  (22) 

Tl  "  CRT 

where  a  is  a  constant  having  a  value  between  .4  and  .6. 
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The  resulting  criterion  for  the  critical  wall  sheer  stress  is 
given  by 


2H(y/2H)  -  1 

or 

rc  »  —  »  uCRT 

w  *  aCu-U^M 


(23) 


Equation  (23)  may  be  written  using  a  relation  between  intrinsic 
viscosity,  molecular  weight,  and  molecular  dimensions  yielding: 


c 

T 

W 


constant 


1.7  X  10 


(24) 


Equation  (24)  of  Tabula  is  similar  to  Virk’s  equation  (21). 
The  former  provides  a  better  estimate  of  magnitude  of  onset  shear 
stress  whereas  the  latter  is  considered  more  accurate  when  the 
constant  is  determined  from  test  data. 


In  their  work,  Kowalski  and  3rundrett  (1974)  support 

/ 

FabulaTs  postulate  that  the  effectiveness  of  very  dilute  solution 
is  due  to  entanglements  or  "blobs”  of  macromolecules  rather  than 
individual  molecules.  A  formula  was  developed  relating  the  size 
of  the  entangled  molecules  with  the  size  of  a  dissipative  eddy 
and  are  tested  to  predict  the  onset  of  drag  reduction  in  pipe 
flows  of  homogeneous  polymer  solutions. 
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Darby  (1972)  reviews  drag  reduction  theories  comparing 
molecular  hypotheses,  continuum  approaches,  and  conventional 
boundary  layers  length  scales.  Molecular  time  scale  hypotheses 
are  represented  by  the  work  of  Virk,  Fabula,  and  Kowalski.  The 
continuum  approach  of  Seyer  and  Metzner  concludes  that  the 
presence  of  elastic  properties  in  the  dilute  solution  are 
sufficient  criteria  for  drag  reduction.  Elastic  properties  are 
represented  by  a  single  parameter,  the  relaxation  time,  X, 
incorporated  into  a  dimensionless  group,  the  Deborah  number: 


N 


De 


x/tr 


(25) 


where  t^  is  a  characteristic  time  of  the  system.  Seyer  and 
Metzner  (1969)  chose  this  number  to  be  the  reciprocal  of  the  dissi¬ 
pative  turbulence  frequency,  w , , 

a 


cu 


d 


V  3/4 
D  1  Re 


(26) 


Seyer  and  Metzner  further  offer  the  following  phenomena  as  a 
possible  explanation  of  drag  reduction: 


1.  Particulate  effects  due  to  large  molecules  or  agglomerates 


which  may  promote  stability  of  laminar  flow  or  dampen  turbulence 
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2.  The  solid-like  resistance  of  the  fluid  to  sudden  defor¬ 
mation  or  stretching  may  suppress  the  dissipative  turbulent 
frequencies  on  the  generation  of  turbulence 

3.  The  laminar  flow  regime  may  be  stabilized  so  that 
transition  is  delayed  to  higher  Reynolds  numbers  • 

Darby  (1972)  points  out  that,  although  Seyer  and  Metzner 
favor  the  second  concept,  no  distinction  is  made  between  cause 
and  effect.  Dozens  of  different  forms  of  the  Deborah  number 
are  presented,  illustrating  the  problems  encountered  with  the 
present  theoretical  state  of  the  art. 

Boundary  layer  modification  in  terms  of  the  Prandtl  mixing 
length  theory  and  law  of  wall  relation  indicates  a  concept  of 
the  flow  field  divided  into  three  regions: 

1.  A  laminar  sublayer  adjacent  to  the  wall  where  turbulent 
fluctuations  are  absent  and  momentum  transport  is  by  viscous 
shear  only 


2.  A  transition  or  "buffer"  zone  adjacent  to  the  laminar 
sublayer  where  both  viscous  shear  and  turbulent  inertial  fluc¬ 
tuations  contribute  to  the  momentum  transport 


3.  A  turbulent  boundary  layer  or  "core"  outside  the 
buffer  zone  where  transport  is  dominated  by  turbulent  inertial 
fluctuations. 

Good  results  for  friction  factor  correlations  have  been 
achieved  by  Elata,  Lehner,  and  Kahanovity  (1966)  for  Guar  Gum 
solutions  and  Meyer  (1966)  and  Wells  (1965)  for  Polyox. 

Many  authors  have  described  drag  reduction  as  a  "negative 

roughness  effect"  since  polymers  appear  to  thicken  the  sublayer 

•4“  ^ 

while  maintaining  the  same  slope  of  the  U  versus  In  Y  curve 
in  the  overlap  region.  Nadolink  (1968)  demonstrated  the  existence 
of  the  thickened  sublayer  directly,  using  a  high-speed  motion 
picture  camera  and  a  microscope. 

White  and  McEligot  (1970),  in  their  work  on  transition 
delay  from  laminar  to  turbulent  flow,  found  a  dependence  on 
where  the  critical  onset  shear  stress  is  reached.  If  the  onset 
shear  stress  occurs  in  the  laminar  flow  region,  a  delay  in 
transition  to  turbulent  flow  can  occur. 


Polymer  Injection  Studies 
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speed  or  power  reduction  requirements  for  naval  vessels  and 
increasing  the  flow  through  conduits.  Realization  of  these 
advantages  generally  requires  injection  of  polymer  solutions 
into  a  developing  boundary  layer.  Observation  that  drag  reduc¬ 
tion  is  related  to  changes  in  the  sublayers  implies  that  injecting 
polymer  near  the  wall  affects  considerable  drag  reduction  with 
relatively  small  amounts  of  polymer.  Literature  pertinent  to  this 
area  of  the  field  will  now  be  reviewed. 

Pipe  Flows 


Wells  (1968)  suggested  uniform  injection  through  a  porous 
wall  since  it  raises  the  additive  concentration  to  the  drag 
reducing  level  in  the  wall  region  only.  Using  a  Reynolds-Prandtl 
analogy  to  analyze  the  diffusion  process,  he  calculated  that 
distributed  injection  would  require  40  to  140  times  less  additive 
than  slot  injection  to  maintain  equivalent  drag  reduction.  The 
point  was  made  that  a  continuously  ablating  additive  coating 
would  yield  the  maximum  performance  advantage  if  it  could  be  made 
to  ablate  at  the  optimum  rate. 

Wells  and  Spangler  (1967)  performed  a  series  of  experiments 
in  order  to  determine  whether  the  presence  of  the  additive  only 
in  the  wall  region  could  produce  significant  local  shear  stress 
reduction.  The  experiments  utilized  centerline  injection  and 


circumferential  slot  injection  of  dilute  polymer  into  fully- 
developed  turbulent  flow  of  a  Newtonian  fluid.  It  was  found  that 
the  local  pressure  loss  was  reduced  by  an  amount  comparable  to 
the  flow  of  a  uniform  concentration,  when  the  fluid  was  injected 
at  the  pipe  centerline.  However,  no  reduction  in  local  pressure 
loss  occurred  until  the  fluid  diffused  into  the  wall  region. 

Maus  and  Wilhelm  (1970)  conducted  polymer  injection  tests 
with  a  fully-developed  flow  in  a  1.625-inch  diameter  smooth  acrylic 
pipe.  Five  circumferential  injection  slots  located  6  inches 
apart  were  used.  Each  slot  was  0.050-inch  wide  and  inclined  30° 
to  the  pipe  centerline.  The  effects  of  Reynolds  number,  injection 
rate,  number  of  injection  points,  and  concentration  of  injected 
solution  were  studied.  It  was  found  that  maximum  drag  reduction 
occurred  when  polymer  was  injected  through  the  furthest  upstream 
slot  rather  than  being  distributed  over  the  test  length. 

Walters  and  Wells  (1971)  conducted  tests  using  uniform 
ejection  of  polymer  solution  through  a  stainless  steel  porous  pipe 
section  into  fully-developed  turbulent  pipe  flow.  Concentration 
profiles,  velocity  profiles,  and  wall  shear  stress  data  were 
obtained.  Fluorometric  techniques  were  used  to  obtain  the  concen¬ 
tration  profiles.  Uranine  B  was  selected  as  the  fluorescent  dye 
over  several  others,  as  the  laboratory  apparatus  could  be  easily 
decontaminated.  The  dye  was  mixed  with  the  injection  fluid  and 
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then  captured  tracer  sample  concentrations  were  measured  with  a 
fluorometer.  Accuracies  of  the  measurement  instrumentation  of 
two  parts  per  billion  were  reported.  Uniform  polymer  injection  at 
the  wall  appeared  to  somewhat  inhibit  turbulent  diffusion  away 
from  the  wall  resulting  in  high  wall  concentrations.  For  certain 
conditions  of  high  polymer  mass  flux,  a  wall  friction  increase  was 
noted,  possibly  due  to  the  higher  viscosity  in  this  region.  As 
compared  to  water  injection,  a  one  to  two  order  of  magnitude 
reduction  in  total  diffusivity  in  the  ejection  region  was  noticed. 
Downstream  of  the  ejection  section,  an  order  of  magnitude  reduction 
of  total  diffusivity  was  noted  along  with  a  significant  reduction 
in  wall  friction. 

Tullis  and  Ramu  (1973)  studied  the  characteristics  of  mean 
turbulent  flow  in  the  entrance  region  of  a  rough  pipe  for  water 
and  for  polymer  injection  into  a  boundary  layer.  Polyox  WSR-301 
was  injected  through  a  perforated  wall  pipe  section  of  a  12-inch 
diameter,  200-foot-long  steel  pipe  used  for  the  study.  Drag 
reduction  of  up  to  80%  in  the  fully-developed  region  and  90%  in 
the  inlet  region  were  recorded.  Comparison  of  water  and  dilute 
polymer  ejection  showed  the  polymer  concentration  profiles 
developed  slower  than  that  of  the  water  alone,  indicating  lower 
diffusion  of  the  polymer  solution.  The  inlet  length  needed  for 
flow  to  fully  develop  was  found  to  be  greater  for  polymer 
injected  flows  that  for  the  case  of  no  injection.  In  the  fully 


29 


developed  region,  the  maximum  drag  reduction  measured  was  80%  at 
■  25  WPPM.  Drag  reduction  in  the  inlet  region  appeared  to  be 
independent  of  injection  concentration.  Fluorescent  techniques 
using  rhodamine  WT  dye  were  used  to  measure  the  small  concentra¬ 
tion  of  polymer.  Mean  flow  velocities  between  5  and  50  ft/sec. 
(R^  -  3  X  10^  to  3  X  10^)  were  used.  Injection  concentration 
varied  from  100  to  2400  WPPM  at  rates  of  30  to  220  gal/min 
at  a  location  3.5  pipe  diameters  from  the  pipe  inlet. 

Sellin  (1974)  reported  drag  reduction  of  40-50%  in  large 
scale  tests  at  R^  of  1.5  X  10^.  A  Polyox  WSR-301  solution  was 
added  to  water  flow  in  a  203-mm  diameter  pipeline,  4190  meters 
in  length  at  the  Bristol  Sewage  Treatment  Work  at  Avonmount, 
England.  Polymer  powder,  corresponding  to  a  final  concentration 
of  40-60  WPPM,  was  continuously  mixed  in  a  votex  chamber  and  the 
resulting  slurry  pumped  into  the  pipeline  using  a  gear  pump. 

Ooen  Channel  Flows 


Latto  and  Shen  (1970)  performed  an  experiment  of  slot 
injection  over  a  flat  plate  suspended  in  a  closed  loop  flume. 
Concentration  of  Polyhall-295  from  200  to  600  WPPM  were  ejected 
at  a  20°  angle.  Using  hot  film  anemometry  it  was  found  that 
momentum  diffusion  was  less  than  that  for  pure  water.  The  flow 
rate  velocity,  and  angle  of  ejection  of  the  polymer  solution  were 
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also  found  to  be  important.  Large  percentage  drag  reductions 
were  reported  by  injecting  high  concentration  aqueous  polymer 
solutions  into  turbulent  boundary  layers  at  low  flow  rates.  It 
was  found  that  tangential  injection  at  the  lowest  possible 
velocity  was  desirable. 

Wetzel  and  Ripkin  (1970)  experientally  studied  the  injection 
of  Polyox  WSR-301  into  a  developing  boundary  layer  in  a  9-foot, 
wide  open  channel.  Pitot  tubes  were  located  at  positions  16,  28, 
and  60  feet  downstream  of  the  injection  slot.  Polymer  injection 
resulted  in  much  fuller  velocity  profiles  than  did  water  injection. 
Several  methods  of  polymer  concentration  determination  were  in¬ 
vestigated  including:  polarography,  the  turbidimetric  method,  and 
the  fluorimetric  method.  The  fluorimetric  method  was  found  to 
give  rapid,  accurate  results.  Concentration  profiles  for  water, 
1000,  2000,  and  3000  WPPM,  were  found  to  be  in  good  agreement  with 
the  curves  developed  by  Morkorin  (1963). 

A  maximum  drag  reduction  of  25%  was  experienced  over  the  40- 
foot  boundary  layer  length,  which  resulted  in  a  downstream  wall 
concentration  of  30  WPPM.  At  a  distance  of  16  feet  from  the  slot, 
greater  drag  reduction  was  attained  for  the  lower  concentrations 
injected  than  for  the  larger  quantities.  At  distances  further 
downstream  the  reverse  was  true,  with  better  drag  reduction 
attained  with  the  larger  injection  quantities. 
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The  behavior  was  attributed  to  more  complete  mixing. 

Color-dyed  polymer  injection  tests  revealed  that  shortly  after 
injection,  the  flow  organized  into  a  definite  pattern  of  large 
wavering  parallel  streaks.  This  streaking  was  reported  to  be  a 
secondary,  three-dimensional  vortex  motion  superimposed  on  the 
two-dimensional  flow. 

Fabula  and  Burns  (1970)  invoked  the  negative  roughness 

analogy  so  that  the  outer  layer  mean  velocity  similarity  is 

unaffected  by  friction  reduction.  The  similarity  law  of  mixing 

with  polymeric  friction  is  predicted  to  be  the  same  as  without 

polymeric  friction  reduction.  The  velocity  defect  law  of  Coles 

(1956)  as  well  as  his  value  for  the  law  of  the  wake  parameter  II 

0 

of  0.55  were  adopted.  A  relationship  for  calculating  the  local 
additive  concentration  at  downstream  stations  along  the  wall  was 
developed  and  compared  to  preliminary  data  on  mixing  in  an  open 
channel  boundary  layer  injected  with  Poly ox  WSR-301. 

Latto  and  Middleton  (1970)  reported  on  extensive  velocity 
profile  data  taken  with  hot  film  probes  for  flow  of  homogeneous 
solution  of  Polyacrylamine  MRL-402  over  a  flat  plate  suspended  in 
a  recirculating  flume.  Direct  drag  measurements  were  made  over  a 
period  of  time  for  concentrations  of  0,  25,  50,  and  75  WPPM  which 
indicated  no  appreciable  degradation  of  the  polymer.  The  turbulent 
boundary  layer  profiles  appeared  "fuller M  than  corresponding 


profiles  for  pure  water.  A  friction  velocity  of  -  0.074  ft/sec 
was  found. 

Fruman  and  Tulin  (1974)  performed  a  study  of  diffusion  of  a 
thin  tangential  jet  of  Polyox  WSR-301  solution  injected  into  the 
turbulent  boundary  layer  of  a  flat  plate  vertically  suspended  in 
a  f ree-surf ace ,  high-speed  water  channel.  Frees tream  Reynolds 
numbers  of  the  order  of  3.6  X  10^  were  achieved.  Drag  measurement 
by  reluctance  force  gages  were  taken.  Wall  concentrations  of 
polymer  were  taken  using  a  light-intensity,  dyed-additive  method. 

The  concentration  distribution  along  the  wall  was  found  to  be 
represented  by  two  regions. 

Within  the  first  region,  the  wall  concentration  was  prac¬ 
tically  constant  and  equal  to  the  injected  polymer  concentration. 

In  the  second  region,  the  concentration  varied  inversely  with  the 
distance  from  the  injection  slit.  The  length  of  the  first  zone 
was  found  to  be  15  to  20  times  that  of  water  injection.  This 
extended  initial  zone  appeared  to  be  directly  related  to  the 
thickening  of  the  viscous  sublayer,  the  reduction  of  shear  stress, 
and  the  decrease  of  molecular  diffusivity. 

In  the  region  where  turbulent  diffusivity  was  predominant, 
both  polymer  solution  and  solvent  flows  displayed  similar  behaviors. 
The  distribution  of  the  wall  temperature  over  a  flat  plate  given 
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by  Seban  (i960)  provided  a  heat  transfer  analogy  for  correlation 
of  data.  According  to  Seban: 


T 
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Whereas,  Tulin  indicated  a  •  o^,  and  therefore 
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Closed  Channel  Flows 


Wu  (1969)  presented  experimental  data  obtained  by  injection 
of  various  polymer  concentrations  along  a  flat  plate,  and  trends 
similar  to  Porah  at  al.  (1971)  were  noted  (lower  initial  concen¬ 
trations  caused  higher  drag  reductions).  The  results  of  Wu  indi¬ 
cate  poor  mixing  between  the  injected  fluid  and  its  surroundings. 
Photographs  of  submerged  jets  confirm  that  additives  suppress 
turbulent  diffusion.  The  flat  plate  results  also  suggest  that, 
for  efficient  drag  reduction,  the  solution  injected  should  be 
dilute  and  comparable  to  the  discharge  within  Che  inner  boundary 
layer. 

Wu  and  Tulin  (1970)  performed  experiments  in  a  circulating 
water  channel  with  ejection  of  various  polymer  concentrations 
along  smooth  and  rough  plates  forming  the  top  of  the  closed  test 


section.  It  was  recommended  that,  for  the  most  effective  drag 
reduction,  the  slot  ejection  angle  should  be  small  with  respect 
to  the  flow  direction  and  the  slot  opening  should  be  comparable 
to  the  thickness  of  the  viscous  sublayer.  Injection  rates  were 

also  comparable  to  the  normal  viscous  sublayer  discharge.  Optimum 

2  3 

additional  concentrations  were  found  to  be  10  -  10  WPPM  for  the 

smooth  plate  and  an  order  of  magnitude  larger  for  rough  surfaces, 
where  miming  due  to  roughness  causes  increased  dilution  of  the 
injected  solution. 

Poreh  and  Carmak  (1962)  studied  two-dimensional  turbulent 
mixing  of  ammonia  gas  from  a  line  source  near  a  wall.  They 
envisioned  a  four-zone  diffusion  process  that  is  worthy  of 
description  since. the  concentration  profiles  are  considered 
representative  of  polymer  diffusion  and  for  this  reason  have  come 
under  much  study.  The  four  zones  as  described  by  Poreh  and 
Carmak  are: 

1.  An  initial  zone  -  This  zone  is  very  close  to  the  source 
in  which  a  large  portion  of  the  diffusion  boundary  layer  is  sub¬ 
merged  in  the  viscous  sublayer.  The  length  of  the  region  is 
determined  by:  the  initial  condition  near  the  source,  relative 
to  the  thickness  of  the  sublayer;  the  injection  velocity;  and 
the  magnitude  of  the  molecular  diifusivity.  The  extant  of 
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|  this  zone  was  not  determined.  Very  little  reliable  data  were 

obtained  in  this  region  due  to  very  large  velocity  and  concen¬ 
tration  gradients. 

< 

2.  The  intermediate  zone  -  In  this  zone  the  diffusion  plume 
is  submerged  in  the  momentum  boundary  layer  and  its  thickness 

is  large  when  compared  to  that  of  the  sublayer.  The  diffusion 
rate  in  this  region  is  relatively  large  and  the  concentration 
profiles  are  found  to  be  approximately  similar  in  the  sense 
that 

C/CMax  *  f(Z/;v)’  (29) 

where  X  is  a  characteristic  height  of  the  diffusion  boundary 
layer  defined  as  the  distance  from  the  wall  where  *  0.5. 

Measurements  in  air  indicate  that  the  length  of  the  intermediate 
zone  is  20  to  40  boundary  layer  thicknesses  downstream  from  the 
source. 

3.  The  transition  zone  -  In  this  zone,  the  diffusion  rate  is 
slower  due  to  the  lower  level  of  turbulence  in  the  outer  portion 
of  the  boundary  layer  . 

4.  The  final  zone  -  The  growth  of  the  diffusion  boundary 
layer  coincides  with  that  of  the  momentum  boundary  layer  in 

l 
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this  zone.  In  this  stage  the  maximum  concentration  near  the  wall 
is  inversely  proportional  to  the  thickness  of  the  boundary  layer 
and  the  ambient  velocity. 

Morkovin  (1963)  considered  the  experimental  evidence  of 
Poreh  and  Cermak  (1964)  for  the  final  two  zones  of  quasi-similar¬ 
ity  and  concluded  that  they  were  consistent  with  the  concepts  of 
eddy  diffusivity.  He  described  their  data  as  follows: 

Intermediate  zone:  C/C w  -  e-0,693  (y/6d)1-5  (30) 

Final  zone:  C/C  -  e-0,693  (y/6,)2-15.  (31) 

w  a. 

Figure  (4)  displays  a  plot  of  the  concentration  profiles  In  the 
intermediate  and  final  zones. 

Poreh  and  Hsu  (1971)  indicate  that  the  most  widely  used 
method  to  predict  gross  diffusion  patterns  in  turbulent  flow 
employs  an  eddy  diffusivity  model.  This  model  assumes  that  the 
flux  of  the  diffused  matter  by  turbulent  fluctuation  is 
proportional  to  an  eddy  diffusivity  term,  D^,  times  the  local 
concentration  gradient: 

a  *  -  D  (3c/3y) .  (32) 

y  e  J 


Li 
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It  is  further  assumed  that  D  is  a  function  of  the  flow  field  and 

e 

its  value  can  be  specified  at  a  point  regardless  of  the  position 
of  the  source.  They  point  out  that  this  assumption  holds  true 
only  at  distances  from  the  source  that  are  large  compared  to  the 
Lagrangian  integral  scale  of  turbulence.  Measurements  made  by 
Poreh  and  Cermak  (1964)  indicate  that  this  limitation  holds  for 
diffusion  in  turbulent  shear  flows.  Estimates  of  the 
Lagrangian  integral  scale  suggest  that  it  is  of  the  order  of 
boundary  layer  thicknesses. 

Another  method  for  treating  diffusion  patterns  is  based  on 
Batchelor’s  (1957)  Lagrangian  similarity  hypothesis  used  to 
predict  the  turbulent  motion  of  particles  in  steady,  self- 
preserving  shear  flows.  Cermak  (1962)  applied  the  Lagrangian 
similarity  hypothesis  to  predict  diffusion  from  a  continuous 
point  and  line  source  with  the  conclusion  that  results  from  the 
application  of  the  Langrangian  similarity  hypothesis  were 
significant  for  the  modeling  of  diffusion. 

Hsu  (1971),  and  Poreh  and  Hsu  (1971)  applied  these  techniques 
to  predict  the  diffusion  boundary  layer  growth  in  the  intermediate, 
transition,  and  final  zones  for  polymer  flow.  The  following 
equations  that  resulted  describe  the  change  of  the  mean  vertical 
position,  y,  and  the  mean  longitudinal  position,  x,  for  an  ensemble 
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of  single  particle  releases,  in  the  logarithmic  portion  of  the 
boundary  layer: 


dv 

dt 


* 


«  bV 


(33) 


where  b  is  Batchelor Ts  constant,  and 


dx 

dt 


u(y)  . 


(34) 


It  follows,  therefore,  that 


dv 

dx 


(35) 


Poreh  and  Hsu  (1971)  further  conclude  that  the  boundary  concen¬ 
tration  downstream  from  a  continuous  line  source  may  be  given  by 


C 


Max 


—2 _ 

y  u(y) 


(36) 


where  0  is  the  discharge  of  the  source  per  unit  width. 


Ellison  (1959)  estimated  that  Batchelor's  constant  is  given 
when  b  *  K,  where  K  is  the  Von  Karman  constant,  1/k  *  a^,  in 
equation  (39).  His  analysis  further  suggests  that  y  (the  mean 
position  of  particles  at  a  given  cross  section,  x)  is  equal  to  Y, 
(the  mean  position  of  single  particle  releases  when  x  *  x) .  The 


mean  position  of  a  particle  at  any  cross  section,  x,  may  be 
defined  as: 


/”cy  dy 

7  •  - -  •  (37) 

j‘  (c)dy 

By  replacing  y  with  y/o'd  where  5d  is  the  value  of  y  when  C/C^ 
is  .5,  and  C  by: 

C/CMax  "  f  (y/V  (38) 

equation  (37)  may  be  integrated  to  obtain 


Substituting  equation  (39)  into  (35)  results  in  an  expression  for 
the  diffusion  boundary  layer  developing  with  distance  x,  such  that 


(40) 


Hsu  (1971)  observed  improved  agreement  with  data  when  re¬ 
placing  the  constant  b  with  the  expression 


Figure  5  presents  a  comparison  of  experimental  data  with 
results  from  equation  (40)  for  b  *  X,  b  »  .3K,  and  b  -  K(l-y/f). 
The  growth  of  the  diffusion  boundary  layer  within  the  momentum 
boundary  through  several  zones  of  diffusion  is  also  shown  in  this 
figure. 

Sampson  (1969)  constructed  a  recirculating  water  tunnel  and 
an  instrumentation  system  for  investigation  of  turbulent, 
non-Newtonian,  flat  plate  boundary  layers.  Non-Newtonian 
velocity  profile  data  were  obtained  by  laser  veiocimeter  at 
Reynolds  numbers  in  the  region  of  10^;  the  1/7 th  power  law  velocity 
profile  was  found  to  correlate  well  with  the  data. 

# 

la  his  studies  with  concentrations  of  100  WPPM  of  the  polymer 
Separan  AP-30,  Rudd  (1972)  found  the  drag  reduction  mechanism 
confined  to  the  viscous  sublayer  close  to  the  wall.  The  polymer 
did  not  appear  to  have  any  significant  effect  on  the  central 
region  of  flow.  A  test  section  of  one-half  inch  square  pipe, 

7  feet  6  inches  long,  was  used  in  a  recirculating  flow  system 
driven  by  a  peristaltic  pump, 

Velocity  measurements  were  taken  with  a  laser  veiocimeter. 

It  was  found  that  at  concentrations  of  100  WPPM,  the  polymer 
molecules  produced  quite  a  significant  amount  of  light  scattering, 


requiring  no  additional  seeding. 


figure  5.  (Iiowlli  oL  the  diffusion  boundary  layer  within  Lhe  momentum  boundary  layer 
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Logan  (1972),  using  a  one-half  inch  square  duct  under  gravity 
feed,  confirmed  Ruddfs  findings  of  increased  streamwise  turbulence 
intensities  and  decreased  spanwise  intensities. 

Using  the  recirculating  tunnel  built  by  Sampson  (1969),  Kumor 
and  Sylvester  (1973)  conducted  a  series  of  experiments  on  the 
time  effects  of  polymer  drag  reduction  degradation  on  mean 
velocity  profiles.  Sparan  AP-30  was  the  polymer  used.  The 
experiments  show  that  the  velocity  gradient  at  the  wall  increases 
with  time,  while  the  sublayer  thickness  decreases. 

Reischman  (1973)  attempted  to  correct  the  flow  facility  de¬ 
ficiencies  of  previous  investigations.  He  constructed  a  unique 
dimensional  turbulent  flow  channel,  in  which  the  side  walls  were 
slightly  bowed,  to  allow  good  spatial  resolution  at  the  wall  in 
the  center  of  the  channel.  The  flow  channel  was  constructed  of 
1/4-inch  Plexiglas  with  a  cross  section  of  1  inch  by  12  inches 
(an  aspect  ratio  of  12:1)  and  a  length  of  70  inches.  Velocity 
measurements  in  homogeneous  100  WPPM  solution  of  Magnifloc  837-A, 
Sepman  AP  273,  and  Polyox  WSR-301  were  made  using  a  laser  Doppler 
anemometer  measuring  individual  realizations.  For  drag  reduc¬ 
tions  of  40%  or  less  for  the  near  wall  velocity  measurements , 
the  viscous  sublayer  (indicated  by  a  linear  velocity  profile) 
was  found  to  be  of  the  same  extent  as  for  a  comparable  solvent 
flow.  Reischman  found  no  evidence  of  a  thickened  sublayer. 
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Drop  Tests,  Rotating  Disks  and  Cylinders 

Crawford  and  Pruitt  (1963)  were  among  the  first  to  observe 
the  increased  velocity  of  steel  spheres  falling  in  a  solution  of 
Guar  Gum  as  compared  to  their  velocity  in  plain  water.  Ruszczycky 
(1965),  using  steel  spheres  of  a  diameter  up  to  1  inch,  performed 
tests  in  concentrated  solutions  of  Guar  Gum  and  Polyox  WSR-301  up 
to  15,000  WPPM.  For  the  1-inch  spheres,  the  maximum  drag  reduction 
observed  was  approximately  28%  at  Guar  Gum  concentration  of  5000 
WPPM  and  a  Polyox  concentration  of  7500  WPPM. 

Lang  and  Patrick  (1966)  found  that  the  drag  of  spheres 
falling  in  Polyox  WSR-301  was  reduced  by  about  70%  while  the 
drag  of  other  shapes,  such  as  cones  and  cylinders,  was  only 
slightly  reduced.  Dyed-wake  photographs  of  falling  spheres  in¬ 
dicated  a  significant  change  in  the  shape  of  the  wake,  with  the 

3 

laminar  separation  point  being  shifted  rearward  (Re  range  6  X  10 
to  2.5  X  105). 

Hoyt  et  al,  (1965,  1964)  showed  that  addition  of  Guar  Gum 
lowers  the  torque  by  as  much  as  70%  for  concentrations  of  300  to 
400  WPPM  for  turbulent  rotating  disk  flow. 

Using  a  multiple  disk  apparatus,  Whitsitt  et  al.  (1969) 
showed  that  rough  disks  gave  higher  torque  reduction  of  about  60% 
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in  Guar  Gum  solution  at  250  WPPM  than  did  smooth  disks.  A  poly¬ 
acrylamide  solution  lost  its  torque- reducing  ability  very  quickly. 
However,  the  work  of  Huang  and  Santelli  (1972)  showed  that  poly¬ 
acrylamide  solutions  were  more  resistant  to  shear  degradation 
when  compared  to  polyethylene  oxide. 

Sirmalis  (1974)  conducted  an  extensive  study  of  drag  reduc- 

o  0 

tion  on  axisymmetric  torpedo-shaped  bodies  havinp  6  and  12 
spherical  tail  cones.  During  the  study,  experiments  covering  a 
range  of  Reynolds  numbers  from  one  to  five  million  in  plain  water 
and  polymer  oceans  of  1  to  60  WPPM  of  Polyox  WSR-301  were  conducted. 
Photographic  studies  revealed  that,  at  very  low  concentrations, 

(2.5  WPPM),  the  fine  structured  turbulence  was  absent  and  only 
large  scale  turbulence  remained.  Computer  routines  tended  to 
overpredict  boundary  layer  thickness  while  indicating  proper  growth 
shapes.  No  shift  in  the  boundary  layer  separation  region  was  noted. 

Testing  in  fresh  water  with  polymer  ejection  from  the  body 
showed  similar  results  but  with  better  visual  representation  at 
the  higher  polymer  concentration.  Dyed  water  ejection  tests 
displayed  the  characteristic  course  and  fine  turbulence  structure. 
Ejection  of  50  WPPM  dyed  polymer  solution  eliminated  most  of  the 
fine  structured  turbulence  leaving  only  the  course  structure. 

Dye  streaking  was  apparent  at  the  higher  concentration  levels. 

The  streak  spacing,  consistent  with  laminar  sublayer  streaks. 
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was  also  in  agreement  with  the  number  of  ejection  holes  in  the 
screen  ejector  in  the  nose  of  the  body.  A  maximum  of  70%  reduction 
in  skin  friction  was  achieved  with  the  6°  tail  body  in  a  polymer 
ocean  of  20  WPPM. 


Polymer  diffusion  tests  were  conducted  at  a  fixed  rate  of  20.6 
in/sec  and  a  nominal  velocity  of  27  ft /sec.  Wall  samples  and 
boundary  layer  samples  at  .025  inch  and  .055  inch  were  taken 
and  analyzed  by  fluorometric  techniques.  Tests  were  conducted 
with  water  and  concentrations  of  5,  10,  20,  50,  500,  and  1000  WPPM 
of  polymer.  All  polymer  tests  displayed  a  drastically  reduced 
diffusion  resulting  in  an  extended  initial  mixing  zone.  Similarity 
concentration  profiles  were  found  to  have  like  forms,  and  therefore 


C/C 

w 


-0.693 

e 


(y/fid)K3. 


(41) 


Profile  coefficient,  has  an  experimentally  determined 
value  of  0.75.  Sirmalis  indicates  that  the  true  value  is  believed 
to  be  below  this  value,  since  data  were  not  obtained  in  the  crit¬ 
ical  region  of  within  approximately  0.010  inch  of  the  wall.  These 
results  were  considered  significant  in  that  they  imply  substan¬ 
tially  reduced  polymer  quantities  may  be  required  with  proper 
ejection  techniques. 
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Review  of  Experimental  Apparatus 

The  vast  number  of  investigations  concerning  the  phenomena 
of  drag  reduction,  and  the  continuing  attempts  to  conduct  a 
definitive  experiment,  indicate  the  scientific  community’s  interest 
in  the  problem  and  the  difficulties  involved.  From  these  studies, 
it  is  known  that  drag  reduction  additives  include  soap  solutions, 
algae,  plant  derivatives,  and  high  molecular  weight  polymers. 
Additionally,  a  maximum  drag  reduction  asymptote  of  approximately 
80%  has  been  shown.  In  spite  of  these  efforts,  the  exact  nature 
of  the  phenomena  of  drag  reduction  remains  elusive  to  the  various 
techniques  applied  to  its  study. 

Flow  visualization  experiments  have  provided  some  insight 
from  a  qualitative  view  point,  while  pressure  drop-flow  rate 
experiments  have  contributed  an  indication  of  the  magnitude  and 
scope  of  the  phenomena.  The  bulk  of  these  efforts  are,  however, 
still  contradictory  and  difficult  to  Interpret  due  to  the  confusing 
features  of  the  flow  facilities  and  ambiguities  in  the  measurement 
instrumentation  employed. 

Reischman  (1975)  points  out  that,  in  general,  experimental 
techniques  for  velocity  measurement  may  be  separated  into  four 
groups:  pitot  tubes,  bubble  tracing,  hot-film  probes,  and  laser 

Doppler  anemometers. 
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Pitot  probe  investigations  comprise  the  largest  group  and  are 
subject  to  errors  requiring  complex  corrections.  Smith  et  al. 
(1967)  have  demonstrated  that  measurements  in  identical  flow 
situations  made  by  various  size  pitot  probes  yield  different 
results.  Metzner  and  Astaria  (1967)  attribute  these  errors  to 
the  influence  of  additional  viscoelastic  normal  stress  terms. 
Corrections  for  pitot  probe  techniques  are  generally  omitted, 
however,  as  being  too  complicated.  In  spite  of  this,  Tomita 
(1970)  applied  viscoelastic  corrections  to  his  pitot  probe 
measurements . 

Hot  film  probes,  the  next  largest  group,  depend  upon  the 
heat  transfer  characteristics  of  the  medium.  Frieche  and 
Schmartz  (1969)  have  shown  that  hot-element  sensors  are  difficult 
to  calibrate  because  polymer  additives  alter  the  heat  transfer 
characteristics  of  the  medium  and  collect  on  the  sensors.  It  is 
pointed  out  that  the  calibration  drift  problem  is  particularly 
severe  in  dilute  polymer  solutions  where  the  sensitivity  of  the 
probe  to  velocity  changes  is  lower  than  it  is  in  the  water  alone. 

Donohue  et  al.  (1972)  point  out  that  bubble  tracing 


techniques  are  hampered  by  large  uncertainties  as  well  as  being 
an  extremely  tedious  process. 


49 


The  fourth  group  comprise  laser  Doppler  anemometer  efforts, 

A  relatively  new  discovery  by  Yah  and  Cummings  (1964) ,  the  laser 
Doppler  anemometer  is  a  linear,  non- interfering  instrument  which 
does  not  depend  on  the  rheological  or  intensive  properties  of  the 
working  fluid.  The  laser  anemometer  was  first  used  in  drag 
reducing  flows  during  four  investigations  almost  simultaneously: 
Chung  and  Graebel  (1969),  Goldstein  et  al.  (1967),  Rudd  (1969), 
and  Shankan  (1969).  The  measurements  of  Shankan  (1969)  have 
insufficient  sample  size,  however,  for  accurate  results,  while 
Goldstein  et  al.  (1967)  only  made  measurements  on  the  tube  center- 
line. 


Chung  and  Graebel  (1969)  experimented  in  a  small,  .47-inch 
diameter  pipe  where  the  spatial  resolution  of  their  laser 
anemometer  was  very  poor.  Subsequently,  five  researches  have 
made  acceptable  laser  velocimetry  measurements  in  drag-reducing 
flows.  This  group  consists  of  Rudd  (1969),  Logan  (1972), 
Sampson  (1969),  Kumor  and  Sylvester  (1973),  and  Reischman 
(1975).  Of  these  experiments,  all  were  conducted  in  a  square 
cross-section  apparatus,  except  the  work  of  Reischman  who  used 
a  12:1  aspect  ratio  tunnel.  Rudd  and  Logan  utilized  a  one-half 
inch  square  duct  and  Sampson,  and  Kumor  and  Sylvester,  used  an 
8- inch  square  tunnel  with  a  submerged  off-center  flat  plate. 
White  law  (1973)  has  shown  that  non-symmetric  secondary  flows  are 
significant  in  square  duct  flows. 


Sampson  (1967)  reported  that  pump  vibrations  were  signifi¬ 
cant,  prohibiting  meaningful  tests  at  higher  flow  rates  and  that 
the  effect  of  these  vibrations  on  the  laser  system  were  unknown. 
Additionally,  accommodations  in  both  equipment  and  system 
design  were  necessary  to  minimize  costs  of  the  construction  of 
the  laser  system.  Although  the  electronic  output  was  noisy  with 
a  relatively  poor  signal- to-noise  ratio,  usable  data  were 
obtained  by  use  of  a  storage  oscilloscope. 

Kumor  and  Sylvester  utilize  the  same  facility  as  Sampson  but 

offer  no  water  data  to  allow  verification  of  the  suitability  of 
this  facility. 

Reischman  avoided  the  detrimental  recirculation  aspects  of 
the  previous  researchers  by  using  his  flow  facility  in  a  blow 
down  mode.  In  contrast  to  the  previous  researchers,  Reischman  used 
an  individual  realization-type  laser  Doppler  anemometer,  which 
measures  the  period  for  10  cycles  of  a  Doppler  burst  scattered 
from  a  single  particle.  However,  the  orientation  of  the  laser 
light  beam  optical  system  was  in  an  undesirable  side  scatter 
mode  where  scattered  light  intensity  is  predictably  weak.  The 
singular  results  of  Reischman,  indicating  that  the  viscous  sub¬ 
layer  does  not  thicken,  were  obtained  in  an  improved  flow  facil¬ 
ity  under  weak  signal  conditions  for  homogeneous  polymer  flow. 


This  is  in  direct  conflict  with  the  conclusion  of  all  previous 
investigators. 

Rudd,  Logan,  and  Sampson  used  continuous  wave  anemometers 
employing  a  frequency  tracker  which  converts  Doppler  frequency  to 
an  analog  signal  proportional  to  the  instantaneous  velocity. 

To  date,  all  of  the  work  using  laser  Doppler  anemometers 
has  been  performed  with  homogeneous  polymer  flows,  not  with 
ejection  of  polymer  solutions.  A  goal  of  the  present  work  was 
to  improve  the  deficiencies  of  previous  researchers  and  obtain 
data  on  velocity  profiles,  with  and  without  injection  of  polymer 
solutions  into  the  boundary  layer  on  a  submerged  flat  plate  in 
a  high  aspect  ratio,  rectangular  water  tunnel.  Laser  Doppler 
anemometry  velocity  measurements  in  this  experiment  were  made 
in  the  forward  scatter  mode  where  scattered  light  intensity 
distributions  are  strongest. 


III.  EXPERIMENTAL  APPARATUS 


The  experimental  apparatus  in  this  research  consists  of  a 
flow  facility  and  water  tunnel,  a  polymer  ejection  system,  a 
laser  Doppler  anemometer  system  for  velocity  measurement,  a 
fluorometer  to  measure  boundary  layer  concentration  profiles, 
and  a  minicomputer  for  real-time  data  processing*  The  character¬ 
istics  of  each  element  are  discussed  in  detail  in  the  sections 
that  follow. 


Flow  Facility 


The  overall  flow  facility  designed  for  this  experimental 
effort  is  shown  schematically  in  figure  6.  Filtered  water  is  fad 
to  a  15,000-gallon  capacity  water  tank  having  a  constant  head 
overflow,  providing  5  psi  flow  head  for  the  tunnel.  Various 
filter  cartridges  allow  filtration  of  particles  ranging  in  sice 
from  5  microns  to  .5  micron.  A  high  pressure  steam  heat  exchanger 
allows  deaeration  of  the  water  by  heating.  The  flow  rate  of 
water  from  the  storage  tank  to  the  tunnel  is  measured  by  a  Cox 
Instruments  Co.  turbine  flowmeter  and  controlled  by  a  manual  ball 
valve  in  the  exit  line.  A  round  to  rectangular  transition  section 
provides  entrance  to  a  rectangular  diffuser.  The  flow  is  then 
straightened  in  a  settling  chamber  designed  to  form  small  scale 


turbulence  of  uniform  distribution.  The  flow  enters  the  water 
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tunnel  through  a  specially  designed  transition  nozzle.  The 
flat  plate  is  attached  to  the  floor  of  the  tunnel  allowing  wall 
samples  to  be  taken  through  the  bottom  wall  of  the-,  tunnel.  The 
boundary  layer  approaching  the  flat  plate  is  bled  off  through  a 
suction  port  ahead  of  the  leading  edge  of  the  flat  plate. 

Boundary  layer  sampling  probes  are  lowered  through  ports  in  the 
tunnel  ceiling.  Velocity  measurements  are  taken  throughout  the 
entire  internal  volume  without  disturbing  the  flow  using  the 
laser  Doppler  anemometer  techniques  and  a  three-dimensional 
traversing  system.  The  flow  then  exits  the  tunnel  through  an 
exit  plenum.  Constant  tunnel  exit  pressure  is  provided  by  exiting 
the  flow  into  a  container  with  constant  exit  head  overflow.  The 
boundary  layer  bleed  flow  is  also  exited  into  this  container. 
Polymer  solutions,  for  ejection  over  the  flat  plate,  pass  through 
a  delivery  line  coiled  in  the  exit  flow  container.  The  temper¬ 
ature  of  the  polymer  solution  then  approaches  the  temperature  of 
the  water  flowing  through  the  tunnel.  Figure  7  is  a  photograph 
of  the  actual  test  setup. 

Initial  Attempts 

In  order  to  avoid  the  design  of  a  round  to  rectangular 
transition  diffuser  and  because  axial  length  was  at  a  premium 
in  the  test  setup,  a  ~ ilatively  large  cross-section  settling 
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chamber  was  designed  and  built  of  anodized  aluminum  as  shown 
in  figures  8  and  9.  The  dimensions  were:  width,  8.25  inches; 
height,  6.5  inches;  and  length,  11  inches.  The  top  and  rear  side 
were  made  of  Plexiglas  for  measuring  and  photographing  the  flow. 
Dye  probe  access  ports  were  located  in  the  top  and  the  flow 
entered  through  a  3/4- inch  fitting.  Two  overlapping  perforated 
plates  (0.25-inch  diameter  holes  and  43%  open  area)  were  thought 
to  distribute  the  flow,  followed  by  1/8- inch  HEXCZLL  honeycomb 
(1  inch  long)  for  flow  straightening  and  four  screens  (24-mesh, 
.007-inch  diameter  wire  of  67.4%  open  area)  for  the  even  dis¬ 
tribution  of  fine,  small-scale  turbulence.  A  rounded  edge  slot 
formed  the  tunnel  entrance. 

The  perforated  plates  were  totally  ineffectual  as  a  high¬ 
speed  central  core  water  jet  maintained  itself  well  into  the 
settling  chamber.  An  impact  distribution  plate  was  attached  to 
the  inlet  fitting.  This  fix  transformed  the  high-speed  core  flow 
into  violent  turbulent  recirculating  flows.  In  addition,  comer 
vortices  formed  in  the  exit  flow,  as  shown  in  figure  10.  At  this 
juncture  it  became  evident  that  a  diffuser  would  be  necessary  to 
decelerate  the  flow  and  an  entrance  nozzle  to  the  tunnel  would 
also  be  required  to  eliminate  the  formation  of  comer  vortices. 

A  redesign  of  the  settling  chamber  to  provide  equal  contraction 
ratio  in  the  horizontal  and  vertical  planes  was  also  performed  in 
an  attempt  to  further  minimize  the  formation  of  comer  vortices. 
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Settling  Chamber 

The  second  settling  chamber  design  dimensions  now  remained 
firm  at  a  width  of  8,25  inches,  a  height  of  2*75  inches,  and  a 
length  of  18.5  inches.  The  contraction  ratios  from  settling 
chamber  to  tunnel  were  fixed  at  3.67  in  both  the  horizontal  and 
vertical  planes,  providing  an  overall  contraction  of  13.5:1.  The 
settling  chamber  was  constructed  entirely  of  Plexiglas  and  had  an 
internal  configuration,  shown  (in  order)  in  figure  11,  consisting 
of  a  perforated  plate,  two  screens,  a  honeycomb,  and  four  addition¬ 
al  screens,  spaced  at  1-inch  intervals  with  2  inches  upstream  of 
the  honeycomb.  The  entrance  to  the  tunnel  was  a  well-rounded 
rectangular  hole,  shown  in  figure  12. 

The  configuration  straightened  the  flow;  however,  corner 
vortices  at  the  tunnel  entrance  remained  (figure  13) .  A  standoff 
rectangular  nozzle  was  designed  and  tested  with  no  success,  as 
shown  in  figures  14  and  15.  In  addition,  small  flow  oscillations 
appeared  due  to  intermittent  stall  in  the  diffuser. 

The  corner  vortices  were  finally  eliminated  by  the  design 
and  fabrication  of  a  transition  nozzle  in  the  form  of  a  ninth 
order  polynomial  whose  first  four  derivatives  are  zero  at  each 
end.  The  polynomial  coordinates  were  placed  on  paper  tape  and 
used  to  cut  templates  for  the  vertical  and  horizontal  contours  in 
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a  tape-driven  automatic  milling  machine.  These  templates  were  used 
to  cut  a  mandril  from  a  cast  block  of  epoxy  resin.  This  mandril 
was  placed  in  a  casting  box  of  the  same  internal  dimensions  as  the 
settling  chamber.  The  transition  nozzle  block  was  then  cast  over 
the  mandril.  Removal  of  the  mandril  after  an  appropriate  curing 
time  yielded  a  block  with  proper  internal  flow  passage  configura¬ 
tion  that  fit  into  the  settling  chamber.  The  transition  nozzle 
used  is  shown  in  figures  16  and  17. 

Discussions  on  the  internal  configurations  of  the  settling 
chamber,  with  Drs.  Andrew  Chawat  and  Steven  Barker  at  the 

University  of  California  at  Los  Angeles,  provided  the  key  element 
for  the  removal  of  the  final  obstacle  for  flow  conditioning.  A 
3-inch  length  of  reticulated  Scott  foam  quieted  and  steadied  the 
flow,  removing  any  remaining  flow  disturbances. 

The  final  settling  chamber  design  consisting  of  a  perforated 
plate,  Scott  foam,  honeycomb,  two  screens  and  a  transition  nozzle 
is  shown  in  figure  18  and  schematically  in  figure  19. 

Diffuser 


A  36-inch  long  rectangular  Plexiglas  diffuser  (figure  20)  was 
designed  having  no  appreciable  stall,  according  to  Kline  (1959). 

The  entrance  dimensions  were  0.75  inches  by  0.75  inches  with  rectan- 


Figure  21.  Conical  diffuser  Inlet  transition  section  photograph 


74 


Starting  1.75  inebas  from  th«  entrance  to  the  tunnel,  an 
anodized  aluminum  flat  plate  is  fixed  to  the  floor  of  the  tunnel. 

A  one-half  inch  suction  slot  at  the  upstream  edge  of  the  flat  plate 
allows  the  incoming  boundary  layer  to  be  bled  off  and  a  new  bound¬ 
ary  to  be  started  in  the  flat  plate.  An  axially  adjustable  lead¬ 
ing  edge  allowed  the  ejection  slot  height  to  be  varied  up  to  0.050 
Inches  in  the  horizontal,  x,  direction.  Boundary  layer  wall 
concentration  sampling  holes  (.030  inch  in  diameter)  were  drilled 
at  locations  corresponding  to  the  probe  sampling  planes.  The 
polymer  ejection  slit  was  located  1.75  Inches  from  the  leading 
edge  and  slanted  at  an  angle  of  15°  to  the  flow. 

Eight  different  leading  edges,  shown  in  figure  22,  were  tried 
in  an  attempt  to  obtain  transition  in  the  center  portion  of  the 
plate*  Of  all  the  leading  edges  tried ,  the  most  effective  one 
(figure  23)  consisted  of  an  epoxied  sand  surface  (average  grain 
size  0*020  inch)  sloped  at  7*5°* 

Boundary  Layer  Probes 

Boundary  layer  probe  rakes  were  fabricated  and  are  shown 
assembled  in  figure  24  and  as  an  exploded  view  in  figure  25*  The 
mounting  fixture  has  a  slot  machined  in  its  side  to  allow  the  rake 
to  be  retracted  up  into  the  roof  of  the  tunnel  out  of  the  flow 
passage*  Figure  26  is  a  close-up  of  the  probe  tips  shoving  their 


Figure  25.  Disassembled  boundary  layer  probe  rake  photograph 
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tapered  rectangular  shape  of  .005  inch  high  by  .015  inch  wide. 
Figure  27  presents  probe  dimensions  and  table  2  presents  the 
location  of  the  sampling  points  with  and  without  the  spacers  used 
to  reposition  probes  in  the  vertical,  y,  direction.  The  bound¬ 
ary  layer  samples  would  pass  through  the  probe  and  along  a  36-inch 
by  .020-inch  diameter  flexible  tube  to  a  sampling  stand  containing 
six  cuvettes.  Figures  28  and  29  show  this  arrangement  with  reser¬ 
voirs  in  place  of  the  cuvettes  in  the  sampling  stands. 

Polymer  Injection  System 

The  polymer  injection  system  was  designed  to  minimize  polymer 
degradation  during  the  delivery  process.  As  shown  in  figure  6, 
water  is  recirculated  to  a  water  reservoir.  Part  of  the  water 
flow  is  bypassed  through  a  water-calibrated  rotameter  to  the  poly¬ 
mer  reservoir.  The  polymer  reservoir  contains  13  liters  of  polymer 
solution  above  a  separation  piston.  The  water  flow  pushes  the 
piston  upwards.  This  action  in  turn  pushes  the  polymer  mixture 
out  of  the  reservoir  into  the  delivery  line  to  the  tunnel.  The 
delivery  line  is  coiled  in  the  constant  exit  head  container  and 
submerged  in  a  bath  of  tunnel  exit  flow  water  to  equalize  the 
polymer  flow  temperature  with  that  of  the  main  tunnel  flow. 

Figure  30  is  a  photograph  of  the  polymer  delivery  system. 
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TABLE  2 

CONCENTRATION  SAMPLING  LOCATIONS  IN  THE  BOUNDARY  LAYER 


Probe 

Sample 

0 


L 


2 


3 


5 


6 


7 


8 


Yc  Yc 

(Spacer  . 020-inch)  (Spacer  .103- inch) 


0 


.010 


.030* 


.072 


.092* 


.134 


.154* 


.196 


.216* 


0 


.010 


.072 


.  113* 


.134 


.175 


.196 


.237* 


.299* 


i 

j 

i 

i 


*  Spacer  In  place 
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Figure  29.  Boundary  layer  probe  aampllug  ay stem  photograph 
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Figure  30.  Polymer  delivery  system  photograph 


Boundary  Layer  Concentration  Measurements 

The  methods  used  for  the  measurement  of  concentration  distri¬ 
butions  of  polymers  in  solution  include:  polarographic  (investi¬ 
gated  by  Goren  (1965));  turbidity  (investigated  by  Ruch  et  al. 
(1965));  and  opaqueness  and  fluorometric  techniques.  Wetzel  and 
Ripkin  (1970)  present  a  complete  discussion  of  all  but  the 
opaqueness  method,  which  was  used  by  Fruman  and  Tulin  (1974). 

Fruman  and  Tulin  (1974)  constructed  a  specially-built  light 
absorption  system  utilizing  photocells  and  a  recording  oscillograph. 
The  intensity  of  the  light  source  was  chosen  in  order  to  achieve 
the  maximum  possible  output  readings  between  zero  dye  and  a  dye 
concentration  corresponding  to  practically  zero  light  transmission. 
This  dye  concentration  was  chosen  to  be  1250  WPPM  of  India  ink  in 
tap  water.  The  voltage  output  of  the  photocell  was  40.0  mV  and 
the  equivalent  spot  displacement  on  the  recorder  was  12.0  cm. 

When  a  continuously-running  sample  provided  a  steady  state  output, 
the  reading  was  compared  to  previous  readings  obtained  during  the 
calibration  of  the  system.  The  scatter  in  the  data  was  attributed 
to  stability  problems  with  the  light  intensity  and  galvanometer 
of  the  recording  oscillograph. 

The  method  selected  for  use  in  this  study  is  the  fluorometric 


method.  This  method  has  been  used  successfully  by  Wetzel  and 


Ripkin  (1970),  Walters  and  Wells  (1971),  Tullis  and  Ramu  (1973), 
and  Sirmalls  (1974).  The  method  consists  of  injecting  a  tracer 
dye  into  the  fluid  being  analyzed  and  capturing  a  sample  of  the 
fluid  for  analysis  in  a  fluorometer. 

Fluorescence,  the  basic  phenomenon  being  measured,  is  the 
instantaneous  emission  of  light  from  a  molecule  or  atom  that  has. 
absorbed  light.  Consideration  of  the  equation  of  fluorescence  in 
dilute  solution  shows  that 

F  -  KI  £Cd0  (42) 

m  o 

where 

F  is  the  meter  reading, 
m 

R  is  the  amplification  factor  of  the  photodetector, 

Iq  is  the  intensity  of  the  exciting  light, 
e  is  the  extinction  coefficient  of  the  compound 

(a  constant  for  any  given  wavelength  of  I  ) , 

o 

C  is  the  concentration  to  be  measured, 
d  is  the  path  length  (a  constant) , 

0  is  the  quantum  yield  (a  constant) , 
indicates  that  decreasing  concentration,  C,  may  be  compensated  by 
increasing  the  amplification  factor,  K,  or  the  light  intensity,  Iq. 
This  is  done  in  fluorometry,  yielding  larger  scale  readings  for 
lower  concentration.  The  fundamental  principle  of  fluorescence 
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measurement  is  shown  in  figure  31 ,  a  simplified  schematic 
of  a  fluorometer  taken  from  Turner  (1972).  The  intensity  of  the 
exciting  light  is  controlled  by  a  range  selector  having  four 
apertures  or  sensitivity  ranges.  The  desired  wavelength  of 
exciting  light  is  selected  by  a  primary  monochromator  or  filter 
placed  between  the  light  source  and  the  sample.  Emitted  by  the 
sample,  the  wavelength  of  light  to  be  measured  is  selected  by 
a  second  filter  placed  between  the  sample  and  a  photodetector. 

The  output  of  the  photodetector,  a  current  proportional  to  the 
intensity  of  the  fluorescent  light,  is  amplified  to  give  a  reading 
on  a  meter  or  recorder. 

In  operation,  a  standard  sample  is  placed  in  the  fluorometer 
and  the  sensitivity  or  intensity  of  exciting  light  adjusted  to  a 
desired  reading.  Unknown  samples  and  a  blank  are  then  read.  The 
net  readings  of  the  standard  and  unknown  samples,  with  the  blank 
subtracted,  are  in  the  same  proportion  as  their  concentration. 
Standard  linear  curves  may  be  prepared  and  the  concentrations  of 
samples  read  directly  from  the  curve. 

The  basic  assumption  made  in  all  polymer  solution  studies  is 
that  the  diffusion  of  the  tracer  dye  is  identical  to  that  of  the 
boundary  layer  mixture.  This  is  a  reasonable  assumption  based 
on  data  comparing  various  measurement  methods  by  Wetzel  and  Ripkin 
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(1970).  Tests  of  two  widely  used  fluoroscent  trace  dyes,  Rhodimine 
and  Uranine-B,  found  both  to  be  compatible  with  Polyox.  The 
solutions  were  stable  and  their  drag-reducing  properties  were 
unaffected  when  tested  in  a  capillary  tube  blowdown  rheometer 
similar  to  Hoyt  (1966). 

Selection  of  the  fluorometric  method  for  the  present  experi¬ 
ment  was  based  on  the  accuracy,  ease,  and  rapidity  in  determining 
dye  concentrations  reported  by  previous  authors  and  the  availabil¬ 
ity  of  a  G.K.  Turner  Model  111  Fluorometer,  figure  32.  The  use  of  a 
fluorometer  of  the  type  utilized  by  previous  investigators  should 
minimize  data  correlation  problems  due  to  apparatus  and  technique 
differences. 

Although  it  is  easy  to  use,  the  Rhodamine  dye  was  rejected 

because  it  is  very  difficult  to  clean  off  the  apparatus.  The 

Uranine-B  dye  was  selected,  however,  since  it  is  readily  adaptable 

9 

to  laboratory  use  and  gave  a  reproducible  reading  to  1  part  in  10 
on  a  weight  basis.  This  range  was  adequate  as  the  dye  concentration 
of  the  injected  solution  could  be  adjusted  to  produce  samples 
along  the  plate  sufficiently  above  the  background  blank  levels  to 
give  reproducible  results.-  Calibration  curves  were  experimentally 
developed  for  the  fluorometer  using  known  concentrations  of 
Uranine-B  dye  in  the  type  water  to  be  used  in  the  experiment. 


The  G.K.  Turner  Model  111  Fluorometer  has  four  sensitivity 
aperture  settings  allowing  calibration  curves  to  be  drawn  over  a 
range  of  about  1  part  per  10^  to  1  part  per  10^  on  a  weight  basis. 
For  concentrations  greater  than  the  lower  value,  controlled 
dilution  prior  to  measurement  was  performed.  The  calibration 
curves  used  in  this  experiment  are  shown  in  figures  33  and  34. 
Sample  sizes  of  approximately  3.5  to  4.5  ml  are  required  for 
measurement. 

The  sample  is  placed  in  a  small  test  tube  called  a  cuvette 
and  inserted  in  the  instrument.  The  measurement  is  automatically 
taken  when  the  door  is  closed.  Cleanliness  must  be  observed  and 
care  taken  to  wipe  the  outside  of  the  cuvette  prior  to  measurement 
as  fingerprints  affect  the  reproducibility  of  the  sample  readings. 
Wiping  the  exterior  of  the  cuvette  with  a  clean  paper  towel  was 
found  to  be  sufficient.  All  samples  were  allowed  to  achieve  room 
temperature  prior  to  reading. 

Table  3  provides  a  list  of  apparatus  used  in  the  concentra¬ 


tion  measurements. 


0  1.0  2.0  3.0  4.0  3.0  S.O 

FLUIO  CONCENTRATION  URANINE  -3  OYE 


Figure  33.  Calibration  curves  for  node!  Ill  fluoromecar 

opening  1  and  10 
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TABLE  3 


CONCENTRATION 

MEASUREMENT  APPARATUS 

Component 

Specification 

Fluorometer 

G.  K.  Turner  Model  111 

Excitation  lamo 

G.E.  #  G4T4/1 

Primary  filter 

2A  (closet  to  lamp) 

47B 

Together  these  filters  trans¬ 
mit  only  light  at  435  run 
wave  length. _ 


Secondary  filter 

2A-12 

This  filter  only  passes  light 

at  wavelengths  greater  than 

500  tun. 

Cuvettes 

Matched  cuvettes 

Fisher  Scientific  No. 

14-385-900A 

Dye 

Uranine-B 

Fluoresces  at  470  nm  and 
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Laser  Doppler  Anemometer  System 

The  velocity  measurements  in  this  experiment  were  taken  with 
a  laser  Doppler  anemometer.  (LDA  will  be  used  as  short  form 
terminology.  Operation  of  an  LDA  system  is  based  on  the  prin¬ 
ciple  that  coherent  laser  light  scattered  from  a  particle  in  a 
moving  fluid  will  be  Doppler  shifted  in  frequency.  The  basic 
components  of  an  LDA  system,  shown  in  figure  35,  include  a  laser, 
transmitting  optics,  receiving  optics,  photodetector,  and  signal 
processing  equipment.  Table  4  presents  a  list  of  the  laser 
Doppler  system  components  used  in  this  experiment. 

Among  the  advantages  of  LDA  systems  are  the  following: 

1.  The  flow  is  not  disturbed 

2.  No  flow  calibration  is  required 

3.  There  is  excellent  spacial  resolution  due  to  small 
measuring  volume 

4.  High  frequency  response  occurs. 

Constraints  on  the  use  of  LDA  systems  require  (1)  an  optically 
clear  medium,  (2)  a  window  to  the  flow  (two  windows  are  preferred) , 
and  (3)  particles  in  the  flow.  Because  the  LDA  measures  particle 
velocity  and  not  fluid  velocity,  there  must  be  sufficient  concen¬ 
tration  of  particles  of  the  proper  size  and  density  to  provide  the 
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TABLE  4 

LASER  DOPPLER  ANEMOMETER  SYSTEM  COMPONENTS 


Component 

Specification 

•  Laser : 

•  Transmitting  Optics: 

Lens  I: 

Lens  II : 

Lens  III: 

•  Beam  separation: 

•  Receiving  Optics: 

Lens  I: 

Lens  II: 

Lens  III: 

•  Photodetector: 


Spectra  Physics  model  120  Helium- 
Neon  laser  power  -  5  milliwatts 
beam  diameter  -  .3  millimeters 
(at  1/e  point)  wavelength  - 
632*8  x  10  meter3 

TSI  Model  910 

Model  917 

Focal  length  103.  mm 

Beam  intersection  angle  25.0 

Model  918 

Focal  length  241.  mm 

Beam  intersection  angle  11.58 

Model  919 

Focal  length  598.  mm 

Beam  intersection  angle  4.71 

50  mm 

TSI  Model  930 
Model  937 

Focal  length  102.  mm 
Model  938 

Focal  length  242.2  mm 
Model  939 

Focal  length  577.2  mm 

TSI  Photodiode  model  960 
Bandwidth  100  Mhz 


•  Aperture  diameter:  0.25  dia  mm 

•  Signal  Processor:  TSI  tracker  model  1090 


Frequency  response: 


2kHz  to  50  MHz 


99 


1 


required  signal  while  closely  following  turbulent  fluctuations  in 
the  flow. 

In  general,  LDA  systems  are  characterized  by  the  arrangement 
of  their  optical  components  as  shown  schematically  in  figure  36. 

In  the  ” forward  scatter"  arrangement,  the  receiving  optics 
and  photodetector  are  located  opposite  the  laser  to  receive  light 
scattered  in  the  forward  direction.  This  is  the  most  favorable 
mode  as  the  majority  of  incident  light  is  scattered  by  the 
particles  in  the  forward  direction.  A  typical  polar  scattered 
light  intensity  distribution  predicted  by  the  Mie  scattering 
theory  for  micron  size  particles  is  shown  in  figure  37.  The 
scattered  light  intensity  in  the  forward  direction  is  typically  of 

3 

order  10  times  greater  than  the  backscattered  light  intensity. 
Requiring  two  windows  on  the  flow,  the  forward  scatter  mode  is 

ideal  for  water  tunnel  measurements.  Lower  laser  power  and  par 
tide  concentrations  may  be  used  due  to  increased  light  intensity. 

The  "backscatter"  arrangement  has  the  receiving  optics  and 
photodetector  located  on  the  same  side  of  the  flow  as  the  laser 
light  source.  This  arrangement  requires  only  one  window  on  the 
flow.  However,  higher  laser  power,  shorter  focal  lengths,  in¬ 
creased  particle  concentration  and/or  size  are  required  due  to 
decreased  light  intensity  scattered  in  the  backwards  direction. 


M 
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"Reference  beam"  mode  refers  to  a  single  observed  light  beam, 
whereas  the  "dual  beam"  mode  refers  to  the  system  where  the  light 
from  two  crossed  beams  is  observed.  Although  the  reference  beam 
mode  in  forward  scatter  was  developed  first,  the  dual  beam  mode 
will  be  discussed  in  detail  here  as  it  is  the  actual  mode  used 
and  the  easiest  to  conceptualize. 

In  the  dual  beam  mode,  the  laser  beam  is  split  into  two  beams 
of  equal  intensity,  equidistant  from  the  original  beam.  The  beams 
are  then  focused  at  a  crossover  point  where  they  interfere  with 
each  other  to  form  a  fringe  pattern,  shown  schematically  in  figure 
38.  These  fringes  are  caused  by  the  interaction  of  the  light  in 
the  two  beams  cancelling  and  reinforcing  each  other  to  form  a 
standing  electromagnetic  interference  pattern.  The  crossover 
region  where  the  two  beams  are  focused  is  called  the  measuring 
volume.  Figure  39  is  an  actual  photograph  of  a  plane  of  this 
measuring  volume  magnified  600  times,  containing  over  100  fringes. 
A  particle  moving  through  the  measuring  volume  in  the  plane  of 
the  two  beams  then  passes  through  alternating  regions  of  low  light 
intensity  (light  cancelling)  and  regions  of  high  light  intensity 
(light  reinforcing) . 

Light  scattered  from  particles  passing  through  the  measuring 
volume  is  focused  by  the  receiving  optics  onto  a  photodetector 


¥&**&*■  *  •**■*•* 


GAUSSIAN  BEAM 


Figure  38.  Fringe  pattern  schematic 


Figure  Fringe  pattern  photograph 
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whose  output  signal  is  shown  schematically  in  figure  40.  An 
aperture  is  placed  in  front  of  the  photodetector,  blocking  light 
from  locations  other  than  those  from  the  beam  crossover  region. 

Due  to  the  Gaussian  intensity  distribution,  the  amplitude  will 
vary  with  a  maximum  occurring  in  the  center  of  the  measuring  volume. 
The  frequency,  f^,  of  this  signal,  produced  by  the  scattered  light 
pulses  from  a  particle  travelling  through  the  measuring  volume, 
is  linearly  proportional  to  the  velocity  with  which  the  particle 
is  moving  across  the  fringes  (figure  41) .  This  frequency  is  de¬ 
termined  by  the  frequency  tracker  of  the  LDA  system.  The  distance 
between  fringes,  is  a  function  of  the  laser  wavelength  and  the 
angle  of  beam  intersection  only,  such  that 


df  "  2  sin(0/2) ' 


(43) 


The  velocity  of  the  particle  may  then  be  given  by 


U  » 


(44) 


Conversion  of  frequency  to  velocity  requires  only  that  the 
laser  wavelength  and  angle  of  beam  intersection  be  known.  A  flow 
direction  ambiguity  of  180°  does  exist,  however,  in  that  the  fringe 


system  cannot  distinguish  reverse  flow  from  forward  flow.  The 
problem  may  be  resolved  for  reversing  flow  by  frequency  shifting. 
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Figure  40.  Photodetector  output  schematic 
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The  fringes  may  be  considered  to  be  moving  if  one  beam  is  fre¬ 
quency  shifted  relative  to  the  other.  If  the  difference  in 
frequency  between  the  two  beams  is  40  MHz,  then  a  stationary 
particle  in  the  measuring  volume  will  yield  a  40-MHz  signal  from 
the  photodetector.  A  particle  travelling  in  the  same  direction 
as  the  fringes  will  produce  a  lower  frequency  while  a  particle 
moving  in  the  opposite  direction  will  raise  the  frequency. 
Frequency  shifting  provides  a  zero  offset  or  bias  allowing  bi¬ 
directional  measurements.  Techniques  for  frequency  shifting 
include  Bragg  cells  (40  MHz-shift)  and  rotating  diffraction 
gratings  (a  few  MHz  shift). 


The  region  of  the  beam  crossover  point  called  the  measuring 
volume  may  be  considered  shaped  as  shown  in  figure  42.  The  di¬ 
ameter  of  the  measuring  volume,  d  ,  and  the  length  of  measuring 

m 

volume,  1  ,  are  expressed  in  terras  of  the  diameter  of  the  laser 
m 

after  focusing,  d  ,  and  the  beam  intersection  angle  0  as 
follows: 


d 


d 


l 


m 


1 


m 


4XF 

it  D  -2  • 
e 


sin  0/2  * 


cos  0/2 


(45) 

(46) 

(47) 
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The  volume  of  Che  measuring  volume  Is  given  by  equation  (48) 

-2  3 

V  -  w(D  4)  / 6  cos(0/2)  sin(0/2).  (48) 

me 

_2 

The  laser  beam  diameter,  ,  Is  defined  as  that  region  where  the 

light  intensity  is  greater  than  1/  2  (about  14%)  of  the  center- 

e 

line  beam  intensity.  Table  5  shows  typical  values  of  these  terms, 

TABLE  5 

MEASURING  VOLUME  PARAMETERS 


Parameter 

Values 

F  (mm) 

103 

241 

598 

0  (°) 

25.0 

11.58 

4.71 

D  -2  (mm) 
e 

.8 

.8 

.8 

(mm) 

.104 

.243 

.602 

d  (mm) 
m 

.106 

.244 

.603 

1  (mm) 
m 

.479 

2.406 

14.657 

d^  (mm) 

1.462  x  10~3 

3.136  x  10-3 

7.700  x  10-3 

nfr 

73.0 

77.0 

78.0 

v  (cm3) 

m 

2.766  x  10~6 

74.600  x  10~6 

2,785.900  x  10"6 

The  position  of  the  measuring  volume,  when  making  measure¬ 
ments  in  a  liquid  flow,  will  be  different  as  compared  to  that  in 
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air  flow*  Figure  43  shows  the  location  of  the  measuring  volume 
relative  to  the  wall  in  terms  of  the  parameters  of  Snell fs  law 
equation,  such  that 


*  X2n2 


(49) 


The  position  of  the  measuring  volume  may  be  determined  with 
the  use  of  equations  (50)  and  (51)  as  follows: 


v2 

r^sin  —  «  n2sin  —  , 


(50) 


b  *2 
a  -  -  cot  — 


(51) 


Photodetector 


The  quantum  efficiency,  a  measure  of  the  photodetector r s 

efficiency  to  convert  light  energy  to  electrical  current,  is 

typically  higher  for  photodiodes  than  for  photomultiplier  tubes. 

However,  photomultipler  tubes  make  up  for  this  lack  of  efficiency 

4  7 

with  internal  gains  of  from  10  to  10  .  In  general,  the  selection 
of  a  photodetector  depends  on  signal  intensity,  with  low  scattered 
light  levels  requiring  photomultiplier  tubes;  high  light  levels 
require  photodetectors.  The  photomultiplier  also  has  higher 
frequency  response  than  photodiodes  making  them  more  applicable 
to  frequency  shifted  systems. 
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Signal  Processor 

The  signal  processor  used  is  of  the  tracker  type.  Basically, 
it  consists  of  a  combination  of  tracking  filter  and  frequency-to- 
voltage  converter,  with  provision  for  signal  validation  and  re¬ 
tention  of  the  last  valid  reading  when  no  signal  is  present.  The 
fundamental  limitation  of  a  tracker  is  the  capture  range.  Should 
the  change  in  velocity  between  one  particle  and  the  next  exceed 
the  capture  range,  the  unit  will  not  track  the  new  value  and  any 
succeeding  values  that  remain  outside  the  capture  range.  However, 
the  tracker  system  will  return  the  last  valid  reading  until  a  new 
reading  occurs  within  the  captive  bandwidth.  Table  6  indicates 
the  range  of  tracking  frequencies  available  with  this  system. 


TABLE  6 

TRACKING  FREQUENCIES 


Frequency  Tracking 

Range  Range  Output  Capture 

_ (MHz) _ (FS-10V  DC) _ Window 

High  frequency  0.5-50  0.2V/MHz  5  MHZ 

Mid  frequency  0.02  -  5  2.0V /MHz  0.5  MHz 


Low  frequency 


0.002  -  0. 


20V/MHz 


0.05  MHz 


Particles 


Particles  in  the  flow  form  the  basic  requirement  for  the 
application  of  LDA  techniques.  The  relative  relationships  between 
mode  of  operation  and  direction  of  maximum  scattered  light  in¬ 
tensity  have  been  discussed  previously.  The  types  of  particles 
and  their  concentration  are  also  related  to  the  mode  of  LDA 
operation  as  well  as  the  fluid  medium  to  be  measured. 

For  gas  flows,  the  diameter  of  particles  should  be  of  the 
order  of  0.1  to  1  micron  while  liquid  flows  generally  required  1 
to  10  micron  particles.  Excellent  results  have  also  been  attained 
with  natural  contaminants  in  water  flows.  If  possible  the  water 
used  should  be  filtered  to  remove  large  particles  providing  a 
uniform  dispersal  of  contaminants  and  lessening  the  chance  of 
large  particles  saturating  the  photodetector  output. 

Melling  (1971)  has  shown  that  1-micron  sized  particles  are 
able  to  follow  flow  fluctuation  of  up  to  10  kHz  in  air  with  an 
accuracy  of  1.0Z.  Table  7  presents  a  list  of  types  of  seeding 
and  the  medium  in  which  they  are  used. 


.15 


TABLE  7 

TYPES  OF  SEEDING 


Medium 

Seed 

Water 

Polystyrene  beads 

Milk,  cream  powder 

Natural  pigment 

Hydraulic  oil 

Paint  pigment 

Air 

Ammonium  chloride 

Magnesium  oxide 

Silicon  oil  droplets 

Smoke 

Water  vapor 

Dioctyl  phthalate 

Aluminum  oxide 

Burning  gas 

Silicon  dioxide 

Magnesium  oxide 

Silicon  oil  droplets 

Dibutyl  phthalate 

i- 
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Laser  Power 


A  determination  of  laser  power  required  to  attain  a  desired 
signal-to-noise  ratio  (SNR)  requires  precise  information  on  the 
configuration,  characteristics  of  the  fluid,  properties,  and  con¬ 
centration  of  the  scattering  centers  as  well  as  characteristics 
of  the  photodetector.  This  selection  is  quite  complex  and  beyond 
the  scope  of  this  work.  However,  the  following  general  remarks  by 
Fingerson  (1976)  may  be  used  as  a  general  laser  selection  guide. 

In  forward  scatter  with  focal  lengths  up  to  250  mm  for  sub¬ 
sonic  flows  containing  scattering  centers  above  0.1  micron  in 
size,  a  5-mW  laser  is  adequate  and  generally  of  the  He-Ne  type. 

In  the  backscatter  mode  with  short  focal  distances  of  120  mm 
or  less  and  favorable  conditions,  a  15-mV  laser  is  the  minimum. 

For  long  focal  lengths,  especially  in  backscatter,  1-W  lasers  of 
the  Argon-Ion  type  are  generally  used.  For  these  applications,  a 
variable  power  adjustment  feature  is  desirable  in  matching  laser 
power  to  actual  conditions. 

In  general  a  5-mW  or  15-mW  He-Ne  laser  is  adequate  for  most 
laboratory  experiments  particularly  where  forward  scatter  can  be 
used.  For  Increased  focal  length,  increased  velocity,  backscatter 
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or  dual  component  velocity  measurements,  a  larger  laser  such  as 
Argon-Ion  is  desirable. 

An  oscilloscope  photograph  of  the  photodiode  output  due  to 
the  reflected  light  from  a  single  particle  travelling  through  the 
measuring  volume  is  shown  in  figure  4.  The  total  Doppler  burst 
consists  of  approximately  100  fringes  indicating  a  particle 
travelling  close  to  the  center  of  the  measuring  volume.  Figure  45 
represents  good  particle  distribution,  providing  nearly  continuous 
signal  output  due  to  sequential  occupancy  of  the  measuring  volume 
by  individual  particles.  Multiple  particles  in  the  measuring 
volume  at  the  same  time  are  to  be  avoided.  This  type  of  output 
is  shown  in  figure  46.  Although  providing  nearly  continuous 
signal,  the  relatively  high  background  noise  level,  caused  by 
varying  phase  and  amplitude,  affects  the  accuracy  of  the  apparent 
frequency  measurement.  The  accepted  term  for  this  is  Doppler 

3 

ambiguity.  A  count  rate  distribution  of  2.7  x  10  particles/ 
second  corresponding  to  figure  45  is  shown  in  figure  47,  Each 
spike  contains  a  Doppler  burst  envelope  for  a  single  particle. 

Errors  in  Laser  Doppler  Average 

Edwards  et  al.  (1971),  and  George  and  Lumley  (1973)  treat 
laser  anemometry  measurement  errors  in  detail.  Limitations  of  a 
theoretical  nature  include: 


j 


■  v 


Figure  47.  Count  rate  distribution  photograph 
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1.  Velocity  fluctuations  in  the  measuring  volume 

2.  Mean  velocity  gradients  across  the  volume 

3.  Effect  of  the  finite  transit  time  of  the  particles 
through  the  volume. 

The  finite  measuring  volume  of  the  laser  anemometry  has  an 
effect  on  mean  flow  measurements  in  steep  velocity  gradients. 
Turbulent  particle  movement  within  the  measuring  volume  can  also 
influence  resulting  turbulence  data.  Since  the  Doppler  signal 
from  a  single  particle  has  a  beginning  and  an  end,  higher  fre¬ 
quency  variations  are  generated  appearing  as  spectral  broadening 
(even  in  laminar  flow)  .  This  spectral  broadening  gives  a  min¬ 
imum  turbulence  intensity  which  can  be  measured. 

Doppler  ambiguity  caused  by  phase  and  amplitude  modulation  of 
the  Doppler  signal  is  a  source  of  inherent  noise.  This  noise  is 
not  a  problem  at  low  particle  concentrations  but  becomes  signifi¬ 
cant  where  the  probability  of  multiple  particle  in  the  measuring 
volume  is  high.  However,  interpretation  of  spectral  broadening 
and  its  effects  on  signal  processor  remains  controversial. 

Even  under  the  most  ideal  conditions,  there  are  certain 
errors  associated  with  laser  Doppler  anemometry.  These  errors 
are  frequently  called  "broadening  errors"  since,  in  the  frequency 
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the  level  of  the  instrument  broadening.  Comparison  with  the 
results  of  the  laminar  flow  measurement  allow  the  finite  transit 
time  broadening  to  be  determined. 


The  transit  time  broadening,  a  ,  comes  about  as  a  result  of 

r 

the  signal  from*  any  one  particle  existing  for  only  a  finite  time. 
If  there  is  more  than  one  particle  in  the  control  volume  at  a 
given  time,  then  there  will  be  voltage  and  phase  variations  due  to 
"old"  particles  leaving  the  control  volume  and  "new"  particles 
entering  it.  The  finite  transit  time  broadening  is  a  strong 
function  of  control  volume  geometry  and  many  discussions  of  its 
cause  and  effects  may  be  found  in  the  bibliography. 


An  estimate  of  the  velocity  gradient  broadening  is  given  by 
Durst  (1976)  as 


(54) 


where  the  velocity  in  the  vicinity  of  =»  has  been  approx¬ 
imated  by 


U  -  U0  +  (X5  - 


30 


(55) 
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and  5  scattering  volume  dimension  in  the  direction  of  the 
velocity  gradient,  and  3  Doppler  frequency. 

The  previous  approximation  shows  the  desirability  of  keeping 
the  smallest  dimension  of  the  control  volume  in  Che  direction 
of  the  velocity  gradient  in  order  to  minimize  gradient  effects. 

The  final  source  of  broadening  is  usually  the  parameter  of 
interest.  In  some  measurements  the  turbulence  variation  has  been 
taken  as  the  difference  between  the  variance  measured  in  turbulent 
flow  and  that  measured  in  laminar  flow  under  the  same  conditions. 
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Data  Processing 

A  sodas c  real- else  computer  data  system  was  used  la  con¬ 
junction  with  the  laser  Doppler  anemometer.  The  data  system 
components  shown  la  figure  48  are  listed  in  table  8. 

TABLE  8 

DATA  SYSTEM  COMPONENTS 


Laser  Doppler  Anemometer 

Display  Keyboard 

Central  Processing  Unit  (CPU) 

Plotter 

Printer 

Data  Interface _ 


TSI  Model  1090-1 
Nang  Model  2220 
Nang  Model  2200-72 
Wang  Model  2272-2 
Wang  Model  2231V 
NUSC _ 


The  data  system  provides  a  printout  of  seven  variables  and 
functions  of  variables,  a  plot  of  normalized  velocity  ratio  versus 
position,  and  a  cassette  recording  of  four  data  functions.  Table 
9  lists  printer  output. 


TABLE  9 


PRINTER  OUTPUT  LIST 


Variables 

Variable  Functions 

y  (inches)* 

Height  above  plate 

u  (ft/sec) 

Velocity 

i  * 

u  (ft/sec) 

Velocity  fluctuation 

u/  * 

'UFS 

Normalized  velocity  ratio 

u^/u 

Local  turbulence  level 

u1/UFS 

Relative  turbulence  level 

volts 

Tracker  output 

*  stored  on  tape  cassette. 

The  program  "DATA"  selects  61  data  points  from  each  channel 
of  input  and  computes  their  average  for  computational  use.  The 
four  channels  of  input  include  velocity  and  rms  of  the  velocity 
fluctuation  from  the  LDA  system  output,  position  y  from  the 
digital  position  indicator,  and  a  counter  channel. 

From  listings  and  laboratory  data,  x  station  and  velocity 
profile  data  were  key  punched  as  input  to  a  comprehensive  data 
processing  program  called  "DATAPAC."  This  program  calculated 
hydrodynamic  parameters,  listed  data,  plotted  data,  and  theoret¬ 
ical  curves  using  a  high-speed  Calcomp  plotter.  Appendix  B 
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presents  a  copy  of  program  DAIAPAC  and  a  sample  output  listing. 
Typical  output  curves  from  one  velocity  profile  are  shown  In 
appendix  C. 


IV.  EXPERIMENTAL  PROCEDURES 


Three  types  of  tests  were  performed  in  this  research.  These 
were:  (1)  tunnel  characterization  tests,  (2)  water  injection 

boundary  layer  sampling  tests,  and  (3)  polymer  injection  boundary 
layer  sampling  tests.  The  preparations  for  these  experiments  will 
be  discussed  first. 


Polymer  Preparation 

The  polymer  used  in  this  experiment  was  polyethylene  oxide 
(Polyox  WSR-301)  of  approximate  molecular  weight  6  x  10** .  This 
polymer  was  selected  due  to  its  availability  and  widespread  use 
among  researchers,  thereby  minimizing  data  correlation  problems 

due  to  use  of  polymers  of  different  molecular  weight. 

As  the  experimental  program  called  for  solutions  of  1000  WPPM 
or  less  to  be  tested,  a  master  solution  was  prepared  at  2000  WPPM 
and  diluted  to  the  required  concentrations. 

The  master  solution  was  prepared  using  the  same  procedure  as 
Sirmalis  (1974).  Premeasured  Polyox  powder  was  sifted  onto  the 
surface  of  the  carefully  weighed  water,  which  was  slowly  stirred  by 
a  magnetic  mixing  bar.  After  a  clear  solution  resulted  (1  hour), 
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the  solution  was  left  to  stand  for  approximately  40  hours  to 
minimize  the  high  viscoelastic  effects  of  freshly  mixed  solution 
and  to  assure  homogeneity.  The  master  solution  was  kept  in  a 
dark,  cool  place  after  initial  mixing  to  reduce  the  auto-oxidation 
problem  with  polyethers.  When  required,  the  proper  amount  was 
pipetted  out  of  the  master  solution  and  diluted  to  the  required 
concentration.  These  dilute  solutions  were  used  within  24  hours 
of  the  makeup  time. 

The  Uranine  master  solution  was  prepared  in  a  similar  manner. 
When  a  test  solution  was  required,  the  proper  amount  of  each 
constituent  was  added  to  enough  water  to  make  one  liter  of 
solution.  This  solution  was  poured  back  and  forth  into  the  con¬ 
tainer  ten  times  to  assure  complete  mixing  and  then  let  to  stand 
for  1  hour  to  achieve  homogeneity.  A  series  of  calibration  tests 
with  the  fluorometer  indicated  that  this  procedure  provides 
accurate  results. 


Injection  System  Calibration 


The  polymer  injection  system  was  designed  to  minimize 


mechanical  degradation  of  the  polymer  concentration  and  avoid 
polymer  effects  on  the  flow  measuring  device.  This  was  accomp¬ 
lished  by  using  water,  bypassed  from  a  recirculatory  loop  to 
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displace  polymer  from  a  reservoir.  The  reservoir  contained  a 
free-sliding  piston  with  0-ring  seals* and  was  thoroughly  cleaned 
after  each  test  to  prevent  alteration  of  the  next  concentration 
to  be  tested.  The  water  flow  passed  through  a  Fisher  Scientific 
Company  variable  area  flowmeter  with  tube  number  448-225.  The 
float  diameter  was  1/8  inch  and  made  of  stainless  steel. 

3 

The  calibration  curve  for  the  flow  range  of  20,  40,  and  80  cm 
per  minute  is  shown  in  figure  49.  The  accuracy  of  the  curve 
applied  to  the  delivery  system  was  confirmed  by  the  capture  of 
polymer  solution  in  a  graduated  cylinder.  There  were  no  oscil¬ 
lations  of  the  float  in  the  variable  area  tube  indicating  the 
steadiness  of  delivery. 

Boundary  Layer  Sampling 

Five  boundary  layer  sampling  stations  were  used  in  these 
experiments,  located  at  axial  distances  of  3.75,  8.5,  12.5,  16.5, 
and  20.5  inches  from  the  leading  edge  of  the  plate.  All  probe 
rakes  were  retracted  up  into  the  ceiling  of  the  tunnel  out  of 
the  flow  at  the  start  of  the  test.  The  rake  furthest  downstream 
was  lowered  to  the  plate  first  and  a  set  of  samples  captured  in  / 

the  cuvettes.  The  wall  sample  was  not  taken  through  the  hole 
in  the  plate  at  this  time  to  prevent  probe  interferences.  When 
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a  sufficient  sample  volume  was  captured,  at  approximately  8  to 
10  minutes,  the  sample  lines  were  transferred  to  a  reservoir 
and  the  probe  rake  raised  to  position  number  2,  The  new  position 
was  determined  by  a  gage  block  inserted  between  a  collar  on  the 
rake  body  and  the  top  of  the  tunnel  fitting.  Using  the  reservoir 
and  placing  the  probes  in  the  next  position  allowed  the  lines 
to  purge  themselves  while  the  next  set  of  cuvettes  was  being 
readied.  When  the  probe  was  raised  to  position  number  2,  the 
wall  sample  was  taken.  After  all  the  samples  were  taken  at  the 
station,  the  rake  was  retracted  up  into  the  ceiling  of  the  tunnel, 
out  of  the  flow.  The  upstream  probe  stations  were  used,  in  order, 
until  all  the  samples  were  taken.  All  samples  were  expelled 
under  internal  tunnel  pressure.  No  suction  was  used  to  avoid 
interference  effects  between  probes  during  sampling.  Volume 
rates  of  sampling  were  based  on  the  slowest  velocity  in  the 
boundary  layer  that  allowed  all  the  samples  to  be  taken  within 
the  capability  of  the  delivery  system.  Table  10  presents  the 
non-dimensional  locations  of  each  of  the  stations  at  which  con¬ 
centration  measurements  were  taken. 

Fluorometer  Calib ration 


The  fluorometer  used  in  these  tests  is  a  G.K.  Turner  Model 
111  Fluorometer.  Uranine-B  dye  was  selected  since  it  was  readily 
adaptable  to  laboratory  use,  compatible  with  polymer  flows,  and 
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9 

gave  reproducible  readings  to  about  1  part  in  10  on  a  weight 
basis.  This  range  was  more  than  sufficient  for  the  experiment  to 

TABLE  10 

NON-DIMENSIONAL  LOCATIONS  OF  CONCENTRATION  MEASUREMENTS  STATIONS 


X  X/L  X/S  X/S 

Station  (Inches)  (L-22.5  Inches)  (Sa.02Q  Inches)  (S».0Q5  Inches) 

0  1.75  .078  87.5  350.0 


1  3.75  .167  187.5  750.0 


2  8.50  .378  425.0  1700.0 


3  12.50  .556  625.0  2500.0 


16.50  .773  825.0  3300.0 


5  20.50  .911  1025.0  4100.0 


be  performed  as  the  dye  concentration  in  the  solution  to  be 
ejected  could  be  adjusted,  thus  producing  samples  along  tne  plate 
sufficiently  above  background  levels  to  give  reproducible  results. 
The  Model  111  Fluorometer  has  four  sensitivity  settings  allowing 


calibration  curves  to  be  drawn  over  a  range  of  about  1  part  per 
6  9 

10  to  1  part  per  10  ,  on  a  weight  basis.  For  concentrations 
greater  than  the  lower  value,  dilution  prior  to  measurement  was 
performed.  The  calibration  charts  for  this  experiment  are  shown 
in  figures  33  and  34.  Approximately  3.5  to  4.5  ml  of  sample  is 
required  for  measurement.  The  sample,  contained  in  a  cuvette 
(a  small  test  tube),  is  placed  in  the  instrument  and  the  measure¬ 
ment  is  taken.  Cleanliness  was  found  to  be  a  key  factor  in  the 
technique  as  fingerprints,  body  oils,  and  trace  contamination 
could  affect  readings.  All  cuvettes  were  carefully  wiped  with 
soft  laboratory  paper  towels  and  handled  only  by  the  upper  edge. 
All  samples  were  allowed  to  achieve  room  temperature  prior  to 
reading . 


Wall  Locat ion 


The  location  of  the  plate  surface  was  determined  with  use  of 

the  laser  beam.  The  beam  of  diameter  d  *  .0096  inches  was 

m 

lowered  until  two  visual  effects  were  observed.  First,  surface 
imperfections  were  observed,  highlighted  by  the  laser  beam  as  it 
approached  the  plate.  Secondly,  with  the  aid  of  a  viewing  tele¬ 
scope,  observation  of  the  measuring  volume  at  the  beam  crossover 
point  showed  the  reflection  of  the  intersected  beams  from  tha 
plate  surface  as  a  second  image.  When  the  second  image  blended 
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with  the  original  image,  the  beams  were  considered  on  the  surface* 
The  center  of  the  measuring  volume  was  then  about  0.0048  inch  off 
the  surface  of  the  plate.  The  beams  were  lowered  to  that  dis¬ 
tance  and  the  vertical  height  digital  indicator  set  at  zero.  The 
measurements  were  all  considered  to  be  made  at  a  height  correspond¬ 
ing  to  the  center  of  the  measuring  volume  above  the  surface  of 
the  place. 


Tunnel  Characterizati on 


To  determine  the  suitability  of  the  water  tunnel  for  the 
experiment,  a  velocity  field  map  of  the  tunnel  was  made  using  the 
LDA  system.  (The  two-dimensional  character  of  the  tunnel  is 
shown  in  figure  50.)  Additional  tests  downstream  and  at  higher 
flow  rates  also  showed  that  corner  flow  effects,  although  present, 
were  removed  from  the  center  of  the  tunnel. 

Velocity  profiles  and  turbulence  intensity  distributions  were 
taken  and  are  presented  in  comparison  with  the  work  of  Laufer 
(1951)  as  figures  51  and  52.  These  curves  are  in  excellent 
agreement . 

A  critical  requirement  for  this  experiment  was  that  transi¬ 
tion  be  effected  on  the  plate,  preferably  at  its  mid-length  to 
allow  observation  of  laminar,  transitional,  and  turbulent  flow 

i 

j 


INCHES 


NORMALIZED  VELOCITY  U/Uco  NORMALIZED  TURBULENCE  INTENSITY  U/U® 


.39 


Figure  52.  Non-dimensional  velocity  profiles 
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boundary  layers.  The  incoming  velocity  profile  is  shown  in  figure 
53.  Velocity  profiles  at  axial  distances  of  3.75,  14,  and  18 
inches,  presented  in  figure  58,  are  also  laminar,  transitional, 
and  turbulent.  Ejection  of  a  dye  onto  the  surface  of  the  plate 
showed  turbulent  bursting  occurring  at  X  *  6.00  inches. 

Application  of  a  laser  Doppler  technique  to  locate  transition 
on  a  flat  plate  as  developed  by  P.  E.  Gibson  of  the  Naval 
Underwater  Systems  Center,  Newport,  Rhode  Island,  is  shown  in 
figure  54.  From  laminar  and  turbulent  velocity  profiles,  the 
height  above  the  plate  which  yielded  the  greatest  corresponding 
velocity  difference  was  determined.  The  laser  measuring  volume 
was  then  set  at  that  height  and  transversed  the  length  of  the 
tunnel,  producing  a  plot  of  axial  velocity  distribution.  This 
technique  confirmed  that  transition  was  occurring  on  the  plate. 

Test  Series 


The  test  program  consisted  of  two  parts:  (1)  water  ejection 

tests,  and  (2)  polymer  ejection  tests.  All  tests  were  run  at  a 

constant  tunnel  flow  of  8  gal/min  and  an  average  velocity,  Vavg> 

of  2.2  ft/sec.  Volumetric  flow  rates,  Q^,  of  20,  40,  and  80 
3 

cm  /min  were  selected  to  be  injected  through  two  slot  openings, 


s,  of  0.020  and  0.005  inch.  Table  11  lists  the  injection  parameter 
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used.  At  a  given  velocity  of  ejection  determined  by  the  combi¬ 
nation  of  slot  area  and  volumetric  ejection  flow  rate,  various 
concentrations  of  polymer  were  ejected.  Table  12  presents  the 
concentration  flux  matrix  tested. 
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TABLE  12 

CONCENTRATION  FLUX  MATRIX 


Slot 

•020  Inch 

.020  Inch 

.020  Inch 

.005  Inch 

«i 

20  cc/min 

40  cc/min 

80  cc/min 

80  cc/min 

100 

2,000 

4,000 

8,000 

. 

200 

4,000 

8,000 

16,000 

400 

8,000 

16,000 

32,000 

32,000 

500 

10,000 

20,000 

40,000 

40,000 

V,  ANALYTICAL  CONSIDERATIONS 


Boundary  Layer  Model 

This  section  presents  an  analytical  approach  for  developing 
turbulent  flow  over  a  submerged  flat  plate  with  polymer  injection. 

A  model  is  developed  for  predicting  growth  of  the  boundary  layer, 
diffusion  of  polymers,  and  prediction  of  skin  friction  coefficients 
and  transition  as  a  function  of  local  wall  polymer  concentrations. 

In  the  analysis  that  follows,  the  velocity  profile,  continuity 
equation,  momentum  equation,  and  an  expression  for  polymer  wall 
concentration  from  a  regression  analysis  which,  in  turn,  was 
obtained  from  experimental  data  are  combined  with  an  effective 
Reynolds  number  analogy.  This  combination  yields  expressions  for 
the  growth  of  the  boundary  layer  and  the  skin  friction  coefficient 
as  a  function  of  the  local  polymer  wall  concentration. 

Velocity  Profile  Relation 

Meyer  (1966)  provided  a  AB  correction  for  the  law  of  the  wall 
accounting  for  polymer  effects 

u+  »  7  In  y+  +  B  +  AB.  (56) 

& 
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An  alternate  method  of  accounting  for  the  polymer  effect  would 
be  by  adjustment  of  the  mixing  length  constant,  according  to  Vlrk 
(1971) .  In  his  work  on  maximum  drag  reduction  along  the  ultimate 


asymptote  line,  he  noted  that  a  change  in  K  by  a  factor  of  up  to 

5  Is  possible  and  In  full  agreement  with  data.  However,  from 

his  studies,  Meyer  concluded  that  drag  reduction  In  pipes  is  due 

to  thickening  of  the  laminar  sublayer.  The  mixing  length  constant, 

K,  which  equals  approximately  0.4,  Is  apparently  unaffected  by 

dilute  concentrations  of  additive.  Meyer  further  correlated  the 

constant  B  and  showed  it  to  remain  constant  at  the  Newtonian  value 

* 

of  5.5  until  the  friction  velocity  reached  a  threshold  value,  Vq  , 

* 

after  which  B  increased  logarithmically  with  V  , 


B  -  Z  ln(V*/VQ*). 


(57) 


The  term  Z  is  a  dimensionless  constant  dependent  on  the  type  of 
polymer  additive  and  the  concentration.  A  constitutive  relation 
for  Z  is  suggested  by  White  (1968)  from  simple  curve  fit  expres¬ 
sions  as 


Z 


«(€/, 


(58) 


where  a  ■  2.3  and  y  **  0.5. 


(59) 


The  boundary  layer  continuity,  and  momentum  equations  for  flow 
over  a  submerged  flat  plate  with  zero  pressure  gradient  as  applied 
to  the  polymer  flow  case  studied  are  given  as 


3(pu)  .  3(pv)  _  n 

3x  3y 


(60) 


and 


PUPJ  +  PV 

Upon  changing  independent  variables  x  and  y  to  x,  y+,  and 
Cw,  the  x  derivatives  must  be  handled  by  the  chain  rule,  since 
the  parameters  y+  and  Cw  are  functions  of  x  in  the  law  of  the  wall. 
Thus,  the  substitute  is 


3t 

3y* 


(61) 


(62) 


As  may  be  noted  in  equation  (62) ,  concentration  derivatives  are 
added.  The  fluid  properties  of  density,  p,  and  viscosity,  u, 
are  assumed  constant  and  equal  to  those  of  the  solvent  water  in 


this  analysis. 
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The  resultant  boundary  layer  equation,  after  considerable 
algebraic  manipulation,  is 


Appendix  A  presents  a  complete  development  of  the  equations 
related  to  this  method. 

With  elimination  of  the  polymer  terms,  equation  (63)  compares 
favorably  with  the  classical  skin  friction  relations  of  Prandtl- 
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Schlichting  and  S chul tz-Grunow ,  as  well  as  the  simplified  relation 
of  F.  White.  This  comparison  is  presented  in  figure  55  *• 

Prior  to  the  solution  of  equation  (63)  and  (65)  t  it  is  neces¬ 
sary  to  determine  a  means  of  calculating  C  .  A  regression  analysis 

w 

was  performed  on  all  of  the  data  for  the  slowest  injection  rate  of 
20  cc/min  and  injection  concentrations  of  c  -  100,  200,  400,  500, 
and  800  WPPM.  Equation  (66)  represents  the  results  of  that 
analysis  which  successfully  correlates  88%  of  the  data  obtained, 
so  that 


-  .8343  +  2. 3033 (~)  -  7.385(|)2  +  4.2855(^)3.  (66) 

Equation  (66)  is  valid  for  X/L  >  .27.  For  X/L  <  .27,  equation 
(67)  holds  true.  It  follows  then  that 

C 

7 £  »  1.0.  (67) 

Ci 


Effective  Reynolds  Number  Analogy 

White  (1968)  rearranged  the  friction  factor  relation  derived 
by  Meyer  (1966)  and  evolved  the  following  effective  Reynolds 
number  analogy.  The  friction  factor  in  the  presence  of  polymer 
may  be  considered  equal  to  the  Newtonian  friction  factor  evaluated 
at  an  effective  Reynolds  number  given  by 
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! 


Thus,  the  polymer  has  the  effect  of  increasing  the  Newtonian 
Reynolds  number.  Re,  and  thereby  yielding  the  lower  polymer  solu¬ 
tion  friction  factor.  For  constant  freestream  velocity  and 
assuming  constant  polymer  ocean  flow,  skin  friction  versus 
Reynolds  number  curves  may  be  obtained  as  follows: 


1.  Calculate  Reynolds  number  at  given  X, 


Re  -  —  .  (69) 

x  v 


2.  Calculate  initial  skin  friction  value  using  White’s 
simplified  relation. 


.455 


[  In  ( .  06  Rex)V 


3.  Calculate  initial  shear  velocity, 


(70) 


(71) 


4.  Calculate  effective  polymer  Reynolds  number, 


(72) 


where 


2  ■  aCT  for  C  <  C 
w  w  —  w 


2  ■  a(C  for  C  >  C 
w  w  w 


5.  Calculate  polymer  skin  friction. 


.455 


f,P  [ln( . 06  Re  )]2 
P 


6.  Calculate  shear  velocity. 


VP~- 


(73) 


(74) 


(75) 


Equations  (72)  through  (75)  should  be  repeated  until  the  shear 
velocity  does  not  change  by  more  than  0.5%.  This  iterative  pro¬ 
cedure  yields  skin  friction  values  as  a  function  of  Reynolds 
numbers.  A  new  value  of  x  along  the  plate  should  be  selected  and 
the  procedure  should  be  repeated.  Figure  56  presents  curves  of 
skin  friction  versus  Reynolds  number  for  concentrations  of  5,  10, 
15,  20, and  25  WPPM  as  well  as  turbulent  and  laminar  flow  skin 
friction  curves  given  by  equations  (70)  and  (76)  for  water  flow 
only, 


(76) 
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Using  the  concept  of  the  effective  Reynolds  number  analogy  and 
the  variation  in  the  wall  concentration  of  polymer  determined 
from  the  regression  analysis  performed  on  the  experimental  data, 
it  is  possible  to  numerically  integrate  the  right  hand  side  of 
equation  (63)  and  compare  it  with  the  resulting  Reynolds  number 
obtained  from  integration  of  the  left  hand  side  of  equation  (63) • 

The  computational  procedure  is  presented  in  appendix  F  as 
a  listing  of  computer  program  SKINFRIC.  The  model  allows  for 
an  initial'  laminar  flow  over  the  plate,  changing  to  turbulent 
flow  at  x  -  x^_.  The  integrations  are  performed  from  initial 
values  of  x  where  injection  occurs,  an  initial  wall  concentration 
equal  to  the  injected  concentration  of  polymer  and  an  initial 
value  of  X  determined  from  laminar  flow  conditions  given  by 
equation  (76).  This  is  based  on  the  assumption  that  small  concen¬ 
trations  of  polymers  do  not  affect  laminar  flow.  The  work  of 
Hoyt  and  Fabula  (1964)  showed  that  non-Newtonian  is  a  misnomer 
applied  to  low  concentrations  of  polymers.  They  found  that  these 
solutions  were  of  constant  viscosity  and  greater  magnitude  than 
that  of  the  solvent.  White  (1968)  determined  the  limiting  value 
of  3  to  be  approximately  11.0  by  single  curve  fitting  of  data. 
Application  of  the  maximum  drag  reduction  concentration  for  Polyox 
of  C*  *  30  WPPM  as  determined  by  Hoyt  and  Fabula  (1964) ,  and 
shown  in  figure  57,  allowed  the  limiting  value  of  3  to  be  taken 


as  12.6. 
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It  is  further  assumed  that  the  effective  Reynolds  number 
analogy  is  a  solution  to  equation  (63)  .  Values  of  X  are  then 
used  in  the  numerical  integration  of  the  right  hand  side  of  equa¬ 
tion  (63),  Values  of  the  polymer  wall  concentration,  equation 
(66)  ,  from  the  regression  analysis  are  also  used.  The  integration 
proceeds  from  XQ  ■  0  at  the  point  of  injection  of  the  polymer 
and  neglects  leading  edge  effects.  Laminar  flow  equations  give 
the  flow  over  the  initial  region  of  flat  plate  until  the  preset 
transition  point  is  reached  at  x  ■  xfc,  after  which  turbulent 
effective  Reynolds  analogy  parameters  apply.  Comparison  of  the 
difference  between  integrand  1  and  integrand  2  on  the  right 
hand  side  of  equation  (63)  with  the  left  hand  side  Reynolds  number 
is  made  at  the  end  of  the  plate.  If  they  are  not  within  1%,  the 
location  of  the  point  of  transition  is  adjusted  and  the  procedure 
repeated  until  the  results  are  within  the  set  tolerance  limits. 

The  transition  region  is  defined  as  starting  at  the  transition 
point  and  ending  at  the  distance  where  the  Reynolds  number  equals 
350,000.  In  this  zone  a  linear  intermittency  factor  is  assumed 
and  an  appropriately  proportioned  friction  factor  calculated. 

Typical  plots  of  skin  friction  coefficient  versus  Reynolds 
number  for  various  polymer  concentrations  injected  at  ■  20  cc/min 
are  shown  in  figures  92  through  96.  Boundary  layer  growth  over 
the  length  of  the  plate  is  presented  in  figures  85  through  88  and 
compared  with  experimental  data. 


VI.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 


General  Remarks 


The  experimental  program  was  conducted  at  a  constant  tunnel 
flow  of  8  gallons  per  minute.  Injection  into  the  boundary 
layer  was  performed  through  two  different  size  slots  of  width, 
s  *  .020  inch,  and  s  *  .005  inch,  at  injection  rates  of  20,  40, 
and  80  cc/min.  These  six  injection  velocity  ratios  were  tested 
with  dyed  water  injection.  Polymer  concentrations  of  100,  200, 

400,  500,  and  800  WPPM  were  injected  at  20,  40,  and  80  cc/min 
through  the  s  *  .020  inch  slot  and  at  80  cc/min.  through  the  s  * 
.005-inch  slot,  producing  injection  velocity  to  average  freestream 
velocity  ratios  of  0.0174,  0.0348,  0.0696  and  0.2795,  respectively. 

Velocity  profiles  were  taken  at  nine  stations  along  the  plate 
corresponding  to  axial  distances  of  x  ■  3.75,  6,  8,  10,  14,  15, 

16,  17,  and  18  inches.  Concentration  measurements  were  taken  at 
five  stations  along  the  plate  corresponding  to  axial  distances  of 
x  *  3.75,  8.5,  12.5,  16.5,  and  20.5  inches.  At  each  concentration 
measuring  station,  nine  samples  were  taken  throughout  the  boundary 
layer  including  a  wall  sample.  Table  2  indicates  the  relative 
heights  In  the  boundary  layer  at  which  the  concentration  samples 
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were  captured  according  to  which  spacer  was  used  In  conjunction 
with  the  sampling  probe. 

In  total,  243  velocity  profiles  and  130  concentration 
profiles  were  measured.  Space  limitations  prohibit  the  complete 
listing  of  the  data  file,*  however,  copies  of  the  data  file 
are  available  from  the  author  at  the  Naval  Underwater  Systems 
Center,  Newport,  Rhode  Island.  The  focus  of  the  discussion 
will  concentrate  on  the  20  cc/min  injection  rate  through  the  .020- 
inch  slot  which  yielded  an  injection  velocity  ratio  of  0.0174. 

This  slowest  injection  velocity  was  selected  as  providing  minimum 
boundary  layer  disturbance  at  the  point  of  injection.  Previous 
investigations  such  as  Sirmalis  (1976),  Fruman  and  Tulin  (1976), 

Wu  (1968),  and  Wells  (1968)  have  recommended  minimization  of  the 
injection  velocity.  The  hydrodynamic  parameters  for  the  tests 
discussed  are  presented  in  appendix  D  with  velocity  profiles 
presented  in  appendix  E. 
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Water  Flow  Boundary  Layer  Characterization 

Velocity  profiles  for  the  laminar  flow  region  are  presented 
in  figure  58  and  compared  with  the  classical  Blasius  profile. 

The  slight  variation  from  the  classical  form  may  be  attributed 
to  the  effects  of  the  small  pressure  gradient  at  the  leading  edge 
of  the  plate  and  due  to  its  shape  and  roughness.  Displacements  among 
the  data  themselves  are  due  to  the  effects  of  injection  velocity, 
with  minimum  injection  velocity  approaching  the  theoretical  profile. 

Downstream,  at  a  station  x  *  18  Inches,  the  velocity  profiles 
follow  a  l/6th  power  law  turbulent  flow  shape  as  shown  in  figure 
59.  Patel  (1968)  has  shown  that  in  developing  flows  the  velocity 
profiles  go  through  various  power  law  shaped  profiles  until  a 
1/7 th  power  law  profile  is  achieved  for  fully-developed  turbulent 
flow.  The  measured  profiles  are  in  agreement  with  Patel's  findings 
as  fully-developed  turbulent  flow  was  not  totally  achieved  due  to 
the  length  of  the  plate  used. 

The  transitional  nature  of  the  velocity  profiles  from  laminar 
to  turbulent  flow  for  the  case  of  20  cc/min  Injection  at  a 
velocity  of  injection,  Vi  ■  .0383  ft/sec,  is  shown  in  figure  60. 
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The  turbulent  intensity  distributions  for  these  stations  are 
presented  in  figure  61.  As  shown  by  Schubauer  and  Klebanoff  (1955) , 
the  velocity  becomes  greater  closer  to  the  wall  as  the  flow  becomes 
turbulent.  Transition  to  turbulent  flow  is  generally  observed  by 
a  sudden,  rapid  growth  in  the  height  of  the  boundary  layer.  The 
growth  of  the  boundary  layer  for  water  injection  is  shown  in  figure 
62  and  reveals  this  characteristic. 

An  additional  criterion  to  characterize  turbulent  flows  is 
that  the  velocity  distribution  in  the  wall  region  should  follow 
the  well  known  law  of  the  wall,  such  that 

u+  *  A  In  y+  +  B, 

where  A  and  B  are  universal  constants  having  the  value  of  2.5  and 
5.5,  respectively.  Patel  (1968)  indicates  that,  for  developing 
flow,  the  value  of  B  decreases  until  the  value  of  5.5  is  achieved 
for  fully-developed  turbulent  flow.  Application  of  this  concept 
to  the  channel  flows  under  discussion  revealed  the  variation  in 
the  value  of  B  as  shown  in  figure  63  as  a  function  of  length 
Reynolds  number.  A  representative  value  of  B  *  7.2  was  used  in 
this  study  for  the  turbulent  flow  region  which  is  not  fully  developed. 
Figure  64  presents  a  plot  of  the  law  of  the  wall  in  inner  variables 
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Figure  63.  Variation  in  value  of  B  as  a  function  of 
Reynolds  number  for  developing  channel  flow 
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y  and  u  for  B  *  5.5  and  7.2.  A  comparison  is  also  made  with 
experimental  data  showing  excellent  agreement  with  the  value  of 
B  *  7.2.  The  value  of  B  ■  7.2  is  therefore  used  in  the  expression 
for  the  law  of  the  wall  to  account  for  the  developing  velocity 
profile  aspect  of  the  flow. 

Polymer  Flow  Boundary  Layer  Characterization 

Developing  velocity  profiles  for  injected  polymer  concentra¬ 
tions  of  -  100,  200,  400,  500,  and  800  WPPM  are  presented  in 
figures  65  through  69.  The  profiles  are  from  stations  x  * 

3.75,  10.0,  and  18.0  inches  representing  laminar,  transitional, 
and  turbulent  flow  regions.  The  characteristic  increasing  fullness 
of  the  velocity  profiles  over  the  length  of  the  plate  is  evident  in 
each  test  sequence. 

Turbulence  intensity  distributions  for  these  profiles  are 
plotted  in  figures  70  through  74.  The  freestream  turbulence 
intensity  was  .3%  for  the  tests  where  water  and  polymer  concen¬ 
trations  equal  to  100,  200,  and  400  WPPM  were  injected.  For  the 
injection  of  polymer  at  500  and  800  WPPM,  the  freestream  turbulence 
level  was  .4 Z  and  .5%,  respectively. 
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Figure  68.  Developing  velocity  profiles  for  injected  polymer 
concentration  C.  *  500  WPPM 
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Figure  69,  Developing  velocity  profiles  for  injected  polymer 
concentration  *»  800  WPPM 
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Figure  73.  Turbulence  intensity  distribution  for  injected  polymer 
concentration  *  500  WPPM 
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Figure  74,  Turbulence  intensity  distribution  for  injected  polymer 
concentration  ■  800  WPPM 
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The  velocity  profiles  at  x  m  3*75  inches  are  all  laminar  in 
shape*  At  x  ■  10  inches,  the  velocity  profiles  appear  less  turbu¬ 
lent  than  the  water  case.  This  characteristic  is  also  shown  in 
the  lower  turbulence  intensity  distributions  at  this  station  for 
all  concentrations  injected*  The  polymer  causes  a  reduction  in 
the  peak  value  of  turbulence  intensity  and  shifts  the  position 
further  away  from  the  wall.  The  entanglement  or  ’’hand  holding" 
of  the  long  chain  polymers  may  act  as  a  woven  blanket  to  dampen 
or  suppress  turbulence. 

A  comparison  of  velocity  profiles  at  x  *  18  inches,  normalized 
with  respect  to  boundary  layer  thickness  and  freestream  velocity 
compared  with  a  l/5th  power  law  velocity  profile  in  figure  75 
shows  good  agreement  for  the  =*  400  WPPM  injection  case.  The  * 
500  WPPM  injection  data  also  plotted  on  this  figure  indicate  a 
lesser  developed  profile  and  a  possible  thicker  sublayer. 

When  2000  WPPM  was  injected  through  the  .005-inch  wide  slot 
at  a  velocity  ratio  U/Uavg  *  .280,  the  freestream  turbulence 
intensity  was  3.0%.  Figure  76  presents  a  comparison  of  the 
velocity  profile  development  for  the  2000  WPPM  injection  case  with 
the  comparable  water  injection  case.  These  data,  taken  at  x  3  3.75 
inches  (2  inches  downstream  from  the  injection  slot) ,  indicate 
a  disturbance  effect  due  to  the  higher  injection  velocity  for 
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the  narrow  slot.  The  tendency  of  the  thick  2000  WPPM  injection 
concentration  to  stay  together,  coupled  with  the  high  injection 
velocity,  contribute  to  the  disturbance  of  the  boundary  layer. 

Here  again,  at  x  *  18  inches,  the  polymer  velocity  profile 
compares  well  with  the  water  turbulent  velocity  profile  in  the 
outer  region  of  the  boundary  layer.  Closer  to  the  wall,  the 
polymer  velocity  profile  departs  from  the  water  profile  and  is 
less  full.  This  anomaly  in  the  near  wall  region  may  be  due  to 
a  thickening  of  the  laminar  sublayer. 

Figure  77  presents  a  comparison  of  the  turbulence  intensity 
distributions  at  x  -  18  inches  for  the  2000  WPPM  polymer  injection 
case  and  a  similar  water  case  at  the  same  injection  velocity  ratio 
((Vi/Vavg  *  .280)  and  slot  width  (s  -  .005  inches).  The  charac¬ 
teristic  lowering  of  the  peak  value  of  the  turbulence  intensity 
and  shifting  of  its  location  away  from  the  wall  are  also  shown. 

The  lowering  and  redistribution  of  the  primary  turbulent 
activity  into  a  broader  band  found  in  this  study  is  supported 
by  the  work  of  Reischman  (1973).  However,  due  to  experimental 
differences  only  qualitative  comparisons  can  be  made  with  the 
work  of  previous  researchers.  Rudd’s  data,  typical  of  Logan’s 
and  Kumor  and  Sylvester’s  measurements,  are  presented  in  figure 
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78  taken  from  Reischman  (1973).  However,  Reischman  used  a 
rectangular  channel  while  the  others  conducted  their  experiments 
in  a  square  duct. 

A  controversy  exists  concerning  the  so-called  "sublayer 

thickening"  which  is  represented  by  the  velocity  profile  remaining 

linear  to  a  y+  value  of  15  to  20  instead  of  the  solvent  value  of 

8  to  9.  There  have  been  five  investigations  (including  this  one) 

that  have  made  velocity  measurements  at  y+  <  10.  Table  13  from 

Reischman  (1973)  indicates  the  extent  of  the  linear  curve  and  the 

lowest  y+  location  at  which  velocity  measurements  were  made  in 

each  prior  investigation.  Data  from  this  investigation  have  also 

been  included.  Reischman  alone  concluded  that  the  sublayer  does 

4*  +  *4" 

not  thicken  based  on  the  maximum  value  of  y  for  which  u  ■  y  . 
Previous  results  achieving  larger  values  of  y+  which  indicated  a 
thicker  sublayer  were  held  in  serious  question  due  to  experimental 
facilities  and  technique.  This  problem  was  discussed  in  section 
II  which  reviewed  experimental  facilities.  It  has  been  found 
that  in  the  rectangular  channel  used  in  this  research  linear 
values  of  y+  up  to  15  have  been  achieved  with  Polyox  WSR-301, 
Figures  79  through  83  present  velocity  profiles  plotted  in  terms  of 
inner  variables  and  compared  to  the  law  of  the  wall.  It  is 
recommended  that  future  investigations  concentrate  their  efforts 
in  the  region  of  y+  from  7  to  50  to  provide  additional  data  at 
the  interface  of  the  sublayer  and  the  buffer  region  or  elastic 
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Figure  78.  Turbulence  intensity  distribution 


Comparison  of  the  law  of  the  wall  with  experimental  data 
or  Injected  polymer  concentration  C  *  100  WPPM 


Injected  polymer  concentration  C  *  200  WPPM 


Comparison  of  the  law  of  the  wall  with  experimental  data 
or  injected  polymer  concentration  C  *  400  WPPM 
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TABLE  13 


COMPARISON  OF  NEAR  WALL  LASER  ANEMOMETER 
MEASUREMENTS  IN  DRAG  REDUCING  FLOWS 


Author 

Maximum  y*  + 
for  Which  u  *y 

Lowest  y+ 
Measurements 

Lazar 

10 

10 

Rudd 

19 

8 

Kumor  & 

16 

3 

Sylvester 

Reischman 

9 

3 

Present  Work 


15 


7 
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sublayer  which  joins  the  viscous  sublayer  and  the  elevated  log 
region.  Figure  84  indicates  the  large  variation  in  the  velocity 
profile  in  this  region.  Profiles  in  the  outer  region  tend 
toward  the  turbulent  while  becoming  more  laminar  close  to  the 
wall. 

Comparison  of  Analytical  Predictions  With  Experimental  Results 

Typical  boundary  layer  growth  patterns  are  presented  in 
figure  85  through  88  for  various  concentrations  injected  at  a 
constant  rate  of  V^/Vavg  »  .0174.  There  is  excellent  agreement 
between  the  experimental  data  and  the  theoretical  profile  predicted 
by  the  mathematical  flow  model  utilizing  the  effective  Reynolds 
number  analogy.  The  gradual  increase  in  the  boundary  layer  height 
for  the  500  WPPM  injection  case  may  be  explained  in  terms  of  the 
water  temperature  and  associated  solvent  viscosity.  For  this 
case,  the  water  temperature  was  the  coldest  at  57°F.  The  resulting 
higher  kinematic  viscosity  resulted  in  lower  axial  Reynolds  number 
affecting  transition  and  the  growth  of  the  boundary  layer. 

Skin  friction  calculations  as  a  function  of  local  polymer 
wall  concentration  were  based  on  three  techniques:  (1)  slope 
of  the  velocity  profile,  (2)  Clauser  technique,  and  (3)  flow 
model.  The  results,  indicating  good  agreement,  are  presented  in 
tables  14  through  19.  Skin  friction  computation  from  the  slope 
of  the  velocity  profile  at  the  wall  is  relatively  straightforward 
and  will  not  be  discussed  in  detail.  This  method  is  sensitive, 
however,  to  the  value  of  the  velocity  near  the  wall.  Velocity 
measurements  must  be  made  in  the  vicinity  of  the  laminar  sublayer 
and  are  susceptible  to  velocity  gradient  biasing  in  the  laser 
measuring  volume. 
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Figure  84.  Comparison  of  normalized  velocity  profiles  with 
l/5th  power  law  at  station  x  *  18  inches 


Comparison  of  experimental  boundary  layer  growth  with  analytically  predicted 
values  for  injected  polymer  concentration  C,  =  100  WPPM 


>arison  of  experimental  boundary  layer  growth  with  analytically  predicted 
values  for  injected  polymer  concentration  C  =  200  WPPM 


199 


TABLE  14 

COMPARISON  OF  SKIN  FRICTION  COEFFICIENTS  FOR  WATER  CASE 


x(  inches) 

16 

17 

18 

R 

ex 

354252 

376793 

402064 

Cf  (Model) 

.00458 

.00453 

.00447 

C^  (Clauser) 

.00450 

. 00440 

.00425 

Cf  (Velocity 
*  Profile) 

.00497 

.00478 

.00461 

c 

w 

0 

0 

0 

TABLE 

15 

COMPARISON 

OF  SKIN 
C  -  100 

FRICTION  COEFFICIENTS 
WPPM  OF  POLYMER 

FOR 

x  (Inches) 

16 

17 

18 

R 

ex 

330,812 

352,991 

375,215 

Cf  (Model) 

.00347 

.00380 

.00426 

Cf  (Clauser) 

.00325 

.00335 

.00350 

Cf  (Velocity 

. 00405 

.00406 

.00424 

Profile) 

C 

10 

4*6 

3 

w 

• 

200 


TABLE  16 

COMPARISON  OF  SKIN  FRICTION  COEFFICIENTS  FOR 
C1  -  200  WPPM  OF  POLYMER 


x  (Inches) 

16 

17 

18 

R 

ex 

345601 

346215 

365801 

cf  (Model) 

.00327 

.00345 

.00359 

C^  ( Clauser ) 

.00300 

.00340 

.0040 

Cf  (Velocity 

E  Profile) 

.00356 

.00395 

.00420 

C 

w 

15 

5 

1 

TABLE  17 

COMPARISON  OF  SKIN 
C±  -  400 

FRICTION  COEFFICIENTS  FOR 

WPPM  OF  POLYMER 

x  (inches) 

16 

17 

18 

R 

ex 

322,476 

343262 

365 ,325 

Cf  (Model) 

.00337 

.00354 

.00350 

Cf  (Clauser) 

. 00220* 

.00265* 

.00280* 

Cf  (Velocity 
r  Profile) 

.00345 

.00354 

.00374 

c 

w 

80 

60 

35 

*  Clauser  skin 
WPPM  polymer. 

friction  values  only  valid  for  values 

of  Cf  200 

201 


TABLE  18 

COMPARISON  OF  SKIN  FRICTION  COEFFICIENTS  FOR 
Ct  -  500  WPPM  OF  POLYMER 


x  (inches) 

16 

17 

18 

R 

ex 

291,816 

311,736 

331,261 

Cf  (Model) 

.00302 

.00318 

.00336 

Cf  (Clauser) 

.00280* 

.00290* 

.00310* 

Cf  (Velocity 

Profile) 

.00265 

.00279 

.00294 

C 

w 

250 

210 

160 

TABLE  19 

COMPARISON  OF  SKIN 
C±  -  800 

FRICTION  COEFFICIENT 
WPPM  OF  POLYMER 

FOR 

x  (inches) 

16 

17 

18 

R 

ex 

301,196 

321,545 

341,454 

Cf  (Model) 

.00314 

.00332 

.00351 

Cj  (Clauser) 

.00250* 

.00260* 

.00290* 

Cf  (Velocity 

Profile) 

.00307 

.00332 

.00347 

C 

V 

110 

80 

55 

*  Clauser  skin  friction  values  only  valid  for  values  of  C.  £  200 
WPPM  polymer. 
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Clauser  Skin  Friction  Techniques 

The  Clauser  technique,  presented  in  1954,  and  discussed  by 

C.C.  Lin  (1959),  bears  some  discussion.  Utilizing  the  law  of  the 

wall  and  expressions  (77) ,  (78) ,  and  (79) ,  Clauser  obtained  a 

family  of  curves  of  U/UFS  versus  log  (Re^)  with  the  skin 

friction,  C^,  as  a  parameter,  so  that 
U 

Ut  -  —  (77) 


and 


This  family  of  curves  for  water  flow  utilizing  the  value 
of  B  •  7.2  is  shown  in  figure  89.  Application  of  this  figure 
to  a  determination  of  C^  merely  requires  the  placing  of  a 
measured  velocity  distribution  thereon  and  reading  off  the 
value  of  C£,  interpolating  where  necessary.  Adapting  this 
technique  to  polymer  flows  requires  that  the  appropriate  form  of 
the  law  of  the  wall  be  used,  resulting  in 
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UFS 


^  5.6  (log^hf 


+  log 


(trFS)y^ 


+7.2  +  Blog 


(80) 
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Figure  89.  Plot  of  Clauser  family  of  curves  for  water  flow 
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where  S  *  a  CY.  (81) 

w 

Figure  90  demonstrates  the  application  of  this  technique  to 
polymer  flows.  A  new  family  of  curves  must  be  obtained  for  each 
polymer  concentration  considered. 

Designed  for  fully-developed  turbulent  flow,  application  here 
has  been  attempted  for  developing  flow.  Additionally  the  AB  shift 
for  polymer  flow  is  assumed  to  be  of  the  form  given  by  equation 
(81).  For  this  reason,  the  skin  friction  values  are  presented 
for  comparison  purposes  only.  Additional  experimentation  with 
fully-turbulent  flows  over  a  range  of  polymer  concentrations  should 
be  performed  to  further  develop  this  technique  since  the  present 
data  indicate  much  promise. 

Figures  91  through  96  present  variations  in  the  value  of  the 
local  skin  friction  along  the  plate  for  various  injection  polymer 
concentrations  as  predicted  by  the  flow  model.  Also  plotted  on  these 
figures  are  values  of  skin  friction  determined  from  data  taken  at 
the  plate.  The  comparative  agreement  is  excellent.  The  lower 
values  of  determined  by  the  modified  Clauser  technique  may  be 
attributed  to  the  developing  aspect  of  the  velocity  profiles  and 
their  near-wall  anomaly  due  to  the  polymer.  The  flow  model 
prediction  compares  very  well  with  the  velocity  profile  data  in 
all  cases.  During  transition,  a  linear  intermitten cy  function 
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Figure  90.  Plot  of  Clauser  family  of  curves  for  injected  polymer 

concentration  *  100  WPPM 
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Figure  91.  Variation  of  local  skin  friction  along  the  plate 
compared  with  experimental  results  for  water  flow 
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Figure  92.  Variation  of  local  skin  friction  along  the  plate 
compared  with  experimental  results  for  injected 
polymer  concentration  -  100  WPPM 
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Figure  93,  Variation  of  local  skin  friction  along  the  plate 
compared  with  experimental  results  for  injected 
polymer  concentration  C.  ■  200  WPPM 
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Figure  95.  Variation  local  skin  friction  along  the  plate 
compared  with  experimental  results  for  injected 
polymer  concentration  *  500  WPPM 
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Figure  96,  Variation  of  local  skin  friction  along  the  plate 
compared  with  experimental  results  for  injected 
polymer  concentration  C  -  800  WPPM 


is  assumed  with  completion  of  transition  to  turbulent  flow  at 
Re^  ■  350,000,  The  physical  limitation  of  the  test  setup  and 
the  limited  length  of  the  plate  precluded  the  taking  of  additional 
data  at  larger  length  Reynolds  numbers.  More  research  in  this 
region  with  fully- developed  turbulent  flow  is  recommended  to 
complete  the  development  of  the  flow  model. 

The  effective  Reynolds  number  analogy  values  of  the  local 

skin  friction  agree  very  well  with  the  values  predicted  by  the 

analytical  model.  Figure  97,  plotted  for  the  conditions  of  the 

200  WPPM  injection  case,  typically  represents  the  other  injection 

conditions.  Curves  of  versus  Rex  are  plotted  with  C  as  a 

parameter.  To^ obtain  a  value  for  the  skin  friction,  the  plot 

should  be  entered  with  the  value  of  Re  while  the  value  of  C. 

x  f 

is  taken  off  at  the  appropriate  value  of  the  polymer  wall  concentration. 
Utilization  of  this  technique  to  aid  in  the  solution  of  equation  (63) 
has  demonstrated  its  suitability  for  application  to  polymer  flows. 

Polymer  Diffusion  Patterns 

Typical  polymer  wall  concentration  distributions  normalized 
with  injection  concentration  and  plotted  against  normalized  axial 
length  are  shown  in  figures  98  through  99.  The  polymer  flows 
injected  into  the  boundary  layer  showed  suppressed  diffusion 
characteristics  in  the  transition  region  0.3  <  X/L  <  0.7. 


Effective  Reynolds  number  analogy  values  of  local 
riction  verses  Reynolds  number  for  Injected 
polymer  concentration  C,  “  200  WPPM 


NORMALIZED  WALL  CONCENTRATION  C/Cw  n  NORMALIZED  WALL  CONCENTRATION  C/CW 


2 


98.  Normalized  polymer  wall  concentration  distribution 


Figure  99.  Normalized  polymer  wall  concentration  distribution 
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Higher  concentrations  of  injected  polymer  resulted  in  higher 
plate  trailing  edge  concentrations.  The  500  WPPM  injection  case 
showed  the  nighest  wall  concentrations  for  the  largest  distance  along 
the  plate.  It  is  believed  that  this  distribution  was  influenced  by  a 
Reynolds  number  effect  due  to  the  lower  water  temperature  of  this 
run.  The  lower  temperature  produced  a  higher  value  of  the  kinematic 
viscosity.  The  resulting  lower  Reynolds  number  had  an  additional 
delaying  effect  on  transition. 

The  polymer  appears  to  affect  transition  by  delaying  its 
onset,  dampening  the  turbulent  transport  of  material  away  from 
the  wall  region,  and  stretching  out  the  transition  region. 

Figures  100  and  101  show  the  effect  of  polymers  on  transition. 

The  maximum  velocity  difference  between  laminar  and  turbulent 
velocity  profiles  occured  at  a  height  of  y  =  .020  inch  above 
the  plate.  Axial  velocity  distribution  profiles  at  this  height 
along  the  plate  show  the  characteristic  increase  in  velocity  at 
transition  to  turbulent  flow  for  the  water  injection  case.  Injec¬ 
tion  of  polymer  showed  no  such  characteristic  increase  in  velocity 
indicating  delayed  transition. 

Diffusion  patterns  normal  to  the  plate  were  taken  at  five 
stations:  1  -  3.75  inches,  2  ■  8.5  inches,  3  =  12.5  inches,  4  =  16.5 


inches  and  5  *  20.5  inches.  No  concentration  measurements  were 
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gure  100.  Axial  velocity  profile  at  y  -  .020  inches  for  injected 
polymer  concentration  *  500  WPPM  compared  with  water 
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generally  obtainable  above  y  «  ,010  inch  to  .015  inch  above  the 
plate  for  stations  1  and  2,  indicating  very  little  to  no  diffusion 
in  these  laminar  regions.  Figures  102  through  107,  therefore, 
compare  the  three  concentration  measurement  stations  along  the 
plate  at  x  *  12.5,  16.5  and  20.5  inches.  The  injected  polymer 
concentrations  of  *  100  and  200  WPPM  indicate  a  continuous 
gradual  decay  in  concentration  at  stations  3  and  4,  with  rela¬ 
tively  high  concentration  levels  in  the  near  wall  region.  The 
water  injected  case  at  these  stations  shows  rapid  concentration 
decay  in  the  near  wall  region.  At  station  4,  the  diffusion  pattern 
above  y  »  .015  inch  takes  on  a  linear  decay  characteristic 
found  in  the  turbulent  flow  outer  region  at  station  5,  The 
concentration  distributions  normal  to  the  wall  at  station  5  for 
polymer  injection  of  3  100  and  200  WPPM  are  similar  to  the  water 
case  at  the  same  station.  This  is  due  to  the  very  low  wall 
concentration  at  this  station. 

The  reduced  diffusion  characteristics  of  polymer  flows  may 

be  seen  by  plotting  the  growth  of  the  diffusion  boundary  layer 

indicated  by  a  characteristic  height,  X  .  This  characteristic 

c 

height,  X  ,  is  defined  as  that  height  at  which  the  concentration 
c 

is  equal  to  one-half  of  the  wall  concentration.  Increasing 
concentration  of  injected  polymer  reveals  a  reduced  diffusion 
characteristic  away  from  the  wall  and  a  thicker  layer  of  higher 


102.  Normalized  water  diffusion  patterns 
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igure  103.  Normalized  polymer  diffusion  pattern  for  injected 
polymer  concentration  *  100  WPPM 
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Normalized  polymer  diffusion  pattern  for  injected 
polymer  concentration  ■  200  WPPM 
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Figure  105.  Normalized  polymer  diffusion  pattern  for  injected 


polymer  concentration  C  *  400  WPPM 


height  Yc 
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concentration  in  the  near  wall  region  as  shown  in  figure  108, 

The  quantity  of  polymer  or  mass  flow  rate  injected  into  the 
boundary  layer  may  be  considered  to  be  given  by  the  flow  rate 
of  injection  times  the  concentration.  Figure  109  is  a  plot  of 
diffusion  boundary  layer  height  versus  axial  length  injected  at 
various  flow  rates  and  concentrations  in  combination  to  produce 
a  constant  quantity  of  polymer  injected  into  the  boundary  layer 
of  u=  3,000.  The  lowest  rate  of  injection  at  the  highest 

concentration  produces  the  slowest  growth  of  the  diffusion  boundary 
layer.  The  effect  of  increasing  the  quantity  of  polymer  injected 
into  the  boundary  layer  is  shown  in  figure  110  where  the  value 
of  Q1Ci  •  16,000.  Again,  the  lowest  rate  of  injection  at  the 
highest  concentration  produces  the  slowest  growth  of  the  diffusion 
boundary  layer.  The  increased  amount  of  polymer  injected  into 
the  boundary  layer  greatly  suppressed  the  diffusion  of  polymer 
away  from  the  wall.  The  effect  of  increasing  injection  concen¬ 
tration  flux  into  the  boundary  layer  may  be  seen  in  figure  111, 
which  may  be  considered  to  present  a  measure  of  the  injection 
"displacement "  thickness.  At  constant  velocity  of  injection. 
Increased  injection  concentration  flux  greatly  suppressed  the  growth 
of  the  diffusion  boundary  layer.  The  lowest  injection  velocity 
produced  the  lowest  diffusion  boundary  layer.  In  the  final  zone, 
diffusion  was  found  to  vary  with  an  exponent  of  .6  as  shown  in 
figure  112.  Sirmalis  had  predicted  that  the  exponent  for  similarity 
profiles  would  be  lower  than  his  value  of  .75  as  he  was  unable  to 


obtain  data  within  .01  inch  of  the  wall.  Similarity  profiles  for  the 


NORMALIZE  AXIAL  LENGTH  X/L 

Figure  108.  Diffusion  boundary  layer  growth  as  a  function 
of  polymer  concentration 
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Figure  109.  Diffusion  boundary  layer  growth  for  “  8,000 
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transition  region 


VII.  CONCLUSIONS  AND  RECOMMENDATIONS 


General 

The  object  of  this  research  was  threefold:  (1)  to  develop 
an  experimental  facility  and  techniques  for  the  study  of  the 
effects  of  drag-reducing  polymers  on  submerged  flat  plate  flow, 

(2)  to  qualitatively  define  the  effects  of  polymers  on  boundary 
layers  in  external  flows,  and  (3)  to  verify  predictive  techniques  by 
experiment.  A  flat  plate  water  tunnel  facility  was  constructed 
and  laser  Doppler  anemometry  techniques  were  developed  for  boundary 
layer  velocity  measurements.  The  flow  facility  is  capable  of 
variable  injection  velocity  and  concentration  of  polymer  with 
boundary  layer  sampling  at  several  heights  throughout  the  boundary 
layer  and  at  several  axial  stations.  The  injection  process  was 
unique  because  injection  occurred  very  close  to  the  leading 
edge  into  laminar  flow,  then  developing  through  transitional 
to  turbulent  flow.  Application  of  laser  Doppler  techniques 
provided  non-disruptive  velocity  measurements  in  a  low  turbulent 
level  facility  for  a  wide  range  of  polymer  concentration  and 
velocity  of  injection. 


Analytical  Predictive  Methods 


The  case  of  developing  flow  with  polymer  injection  has 
received  little  attention  for  external  flows.  Predictive  methods 
are,  therefore,  not  well  developed.  Past  works  on  the  diffusion  of 
polymer  boundary  layers  have  centered  on  the  far  downstream 
region  in  turbulent  flow  where  the  polymer  attained  the  same 
diffusion  characteristics  as  the  medium. 

An  analytical  model  was  developed  for  comparison  with  experi¬ 
mental  data.  The  model  is  based  on  integral  boundary  layer  analysis 
combined  with  velocity  profile  relation  for  flat  plate  flow  at 
zero  pressure  gradient  and  variable  polymer  wall  concentration. 
Accurate  prediction  of  local  skin  friction  and  boundary  layer 
height  as  a  function  of  variable  local  wall  polymer  concentration 
has  been  demonstrated  over  laminar,  transitional,  and  turbulent 
flow  regions  by  comparison  with  experimental  data. 

Polymer  Boundary  Layer  Characteristics 

Polymer  additives  appeared  to  have  no  effect  in  the  laminar 
flow  region.  However,  increasing  polymer  concentrations  delayed 
and  stretched  out  the  transition  to  turbulent  flow.  The  effect 


of  polymer  additives  is  predominant  in  the  region  of  maximum 
turbulence  production. 
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Streamwise  turbulence  intensity  distributions  are  lower  in  peak 
value  and  displaced  further  from  the  wall  over  a  broadened  buffer 
region  near  the  wall  than  found  in  comparable  solvent  flows. 
Near-wall  velocity  measurements  have  shown  that  the  laminar 
sublayer  thickens  with  the  introduction  of  polymer.  A  thicker 
velocity  profile  sublayer  reduces  the  velocity  gradient  at  and 
near  the  wall.  The  wall  shear  stress,  proportional  to  the  velocity 
gradient  at  the  wall,  also  decreases,  thus  reducing  the  frictional 
drag  of  the  surface.  Although  thickening  the  sublayer,  polymers 
cause  the  overall  boundary  layer  to  become  thinner.  Skin  friction 
prediction  by  ClauserTs  technique  has  been  shown  applicable,  with 
modification,  to  polymer  flows. 

f 

Diffusion  Characteristics 


Various  polymer  concentrations  were  injected  into  a  laminar 
flat  plate  boundary  layer  at  various  injection  rates.  Transition 
to  turbulent  flow  was  delayed  and  extended.  Kowalski’s  (1974) 
explanation  that  polymer  molecules  seem  to  act  as  barriers 
restricting  communication  across  the  boundary  layer,  forcing  the 
liquid  to  flow  in  a  semi- laminar  manner  is  most  appropriate  here. 
The  growth  of  the  diffusion  boundary  layer,  indicated  by  a 
characteristic  height,  decreased  with  increasing  concentration 
and  quantity  of  polymer  injected  into  the  boundary  layer. 
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The  increased  concentration  of  polymer  shewed  reduced  diffusion 
in  the  transition  region  resulting  in  an  extended  initial  mixing 
zone.  This  effect  is  also  supported  by  the  work  of  Sirmalis  (1976). 

Conclusion  Summary 

An  experimental  facility  has  been  developed  that  allows 
laboratory  measurements  of  polymer  drag  reduction  concentration 
profile  distribution  for  various  injector  geometries,  velocities 
of  injection,  and  injection  concentrations.  Hydrodynamic  properties 
of  the  boundary  layers  were  measured  using  laser  Doppler  anemometry 
techniques.  Experiments  indicated  thickening  sublayers  and  overall 
thinning  of  the  boundary  layer  with  polymer  concentration.  Turbu¬ 
lence  intensity  distributions  were  lower  in  peak  value  and  distri¬ 
buted  over  a  broad  region.  Diffusion  of  polymer  injected  into 
the  laminar  flow  at  the  leading  edge  of  the  flat  plate  delayed 
transition  and  spread  the  transition  region  out.  Very  little 
diffusion  occurred  in  the  laminar  region.  Diffusion  in  the 
turbulent  region  indicated  by  a  characteristic  height  of  the  diffusion 
boundary  layer  decreased  with  increasing  concentration  and  quantity 
of  polymer.  Predictive  methods  were  developed  building  on  reliable 
theories  and  techniques  for  the  prediction  of  local  skin  friction 
as  a  function  of  polymer  wall  concentration.  Comparison  with 
experiment  has  been  performed  and  good  agreement  achieved. 


1 
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Recommendations 


1.  Additional  testing  should  be  performed  at  boundary  layer 
heights  between  values  of  y+  equal  to  7  to  50.  This  region  would 
supply  additional  data  to  define  the  increasing  height  of  the 
sublayer  with  polymer  concentration,  as  well  as  the  polymer- induced 
AB  shift.  Low  concentrations  of  injected  polymer  below  50  WPPM 
should  also  be  tested. 

2.  Application  of  the  modified  Clauser  skin  friction  calcula¬ 
tion  technique  to  polymer  flows  should  be  continued  and  will 
require  additional  data  in  the  above-mentioned  region. 

3.  Application  of  traversing  laser  Doppler  techniques  should 
be  extended  to  include  rotation  of  the  measuring  volume  by 

90°  to  obtain  distribution  of  the  vf  turbulence  intensity  dis¬ 
tribution  allowing  computation  of  Reynolds  stress. 

4.  Reduction  of  flow  noise  indicates  that  frequency  spectrum 
analysis  should  be  performed  to  determine  which  frequencies  are 
attenuated  by  various  polymer  concentrations. 

5.  The  experimental  facility  should  be  lengthened  to  allow 


a  more  gradual  and  natural  transition  to  turbulent  flow. 
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6,  Multiple  horizontal  injection  stations  along  the  plate 
should  be  tested  with  lower  concentration  of  injection  to  verify 
the  disentanglement  theory*  Optimization  of  the  injection 
system  should  also  include  pulsed  low  concentration  injection 

to  determine  persistence  and  possible  time  scale  correlation* 

7.  Modification  of  the  tunnel  passage  will  allow  the  study 

of  polymer  effects  in  boundary  layers  with  adverse  pressure  gradients* 
The  capability  for  acoustic  modulation  of  the  laser  beams  should 
be  added  to  the  test  setup  to  measure  flow  reversals  using  non- 
disruptive  laser  Doppler  anemometer  techniques. 


/ 


Appendix  A 

development  of  skin  friction  relations 
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The  law  of  the  wall  incorporating  a  polymer  term,  according 
to  Meyer  (1966) ,  is  given  by 

u+ "  (i)iny+ + b + (m) 

where  a  »  2.3,  y  *  .5. 

The  conservation  of  mass  and  the  momentum  equations  for  flow 
over  a  flat  plate  are  given  by 

(pu)  +  (pv)  -  0  (A2) 

3x  9y 

and 


For  a  flat  plate,  it  may  be  assumed  that  the  pressure  gradient 
is  negligible,  such  that 


ap  .  n  (A4) 

3x 


Therefore,  equation  (A3)  becomes 
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„  /i2i\  /3u\  3t 

\»*)  p  \dy)  9  3y  * 


(A5) 


It  may  further  be  assumed  that  \x  m  t,  p  m  tt  and  v  m  £  m  ^ 


are 


all  constants. 


<A6) 


Equation  (A2)  becomes 


3u 

ax  ay 


o. 


(A7) 


An  expression  for  v  becomes 


av  m  _  au 

3y  3x 


j  3u  , 

dv  -  -  -  dy 

7% 

v(y)  *  v  -  -  J  ~  dy.  (A8) 


Changing  to  law  of  the  wall  variables  we  have 


u 
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u  ■  V  u+ 

(A10) 

3u  „  3 (V*u) 

(All) 

3x  3x 

* 

+  yV 
y  m , 

3  V 

(A12) 

* 

.  +  V  . 
dy  "  —  dy 

(A13) 

V  ,  + 

(A14) 

dy  “  dy 

V 

/  .  v*(x,  - 

(A15) 

Combining  equations  (A8,  Ally  A14) ,  equation  (A8)  becomes 


v  » 


(A16) 


Changing  equation  (A5)  into  law  of  the  wall  variables  using 
equations  (A9)  thru  (A16)  we  have 


*  +  a  *  + 
P(V  u+)-~ (V  u  ) 


*  + 
HZ  *  ) 
3y 


3r 

3y  • 


(A17) 


■  *  -  ' 
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Substituting  equation  (A20)  into  equation  (A18) , 


’  +  3V*  * 

U  1  +  V 

|z!/i 

b£\  +  V* 

ax 

m 

>,7  9*  V3Cw/_ 

-0 


*  + 

/  3  /„*  v  ,  +  3  ,Ty*  -K  _  3t 

U  ji(7“>7dyjF',“)  " 


(*21) 


Obtaining  an  expression  for  —  we  have 


iu  ,  3(V*u+) 
3y  3y 


+  3V  .  *  3u 

u  ir+T  w 


(A22) 


However. 


*  * 

V  -  V  (x) 


(A23) 


and  hence 


3V 

3y 


(A24) 


Equation  (A22)  then  becomes 


liLlL. I  .  v*  ~  . 

3y  3y 


(A25) 


Changing  3y  to  3y  we  have 
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and  therefore  . 

„  *  +  „  *  i  + 
3(V  u  )  „  (V  )  /3u\ 

3y  v  [Y/ 


Equation  (A21)  becomes 


P  (V 


*  +x  f  + 

u  )  u 


*  +  + 
3V  *  3u 

3x  3*  3y 


L  +  7* 

•+  3x  \3CW/ 


-  [ffc>-'-*>7  *1  ^  $  ■  e  • 


(A27) 


*  * 

As  v  ■  C,  equation  (A6)  and  V  *  V  (x)  ,  equation  (A23)  may 
then  be  removed  from  within  the  integral  yielding 


(A28) 


After  substitution  of  equation  (A20)  with  equation  (A28)  we  have 
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Substituting  into  equation  (A29)  we  have 


*  u 

Dividing  then  by  pV  and  remembering  that  v  *  — 
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+ 

Multiplying  by  dy  >  expanding  terms  and  intergrating  we  have 


From  equation  (A6)  and  (A22)  upon  rearringing  equation  (A31) 

and  integrating  through  the  boundary  layer  such  that  t (y+)  *  0 ,  we  have 


246 


r  + 


•4k «*-iv  -» 


Defining  groups  of  terms  we  have 


/ 

*'0 


t  "K2,  + 
(u  )  dy 


(A33) 


(A34) 


(A35) 


M 


(A36) 


(A37) 


Therefore  equation  (A32)  becomes 


5V_ 

3x 


•(G)  + 


* 

V  H 


V*J  -  N 


1 

- Ttt* 

y  W 


(A38) 


Recalling  the  law  of  the  wall  equation,  (A33)  becomes 
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•  1  (f  ^ +  3-s  +  2-3  (7*))  d?+ 


+ 

.  j  |^2(lny+)2  +  (5.5)2  +  (2.3)2C^*14ln  +  2(5.5)  |  lny+ 

+  2(2. 3)^  lny+  <^57  In  ~  +  2(5.5)  (2.3)C^57  ln  /  ldy+.  (A39) 

V°  vo* 7 

+ 

6  -  ^7  /ciny+)2dy+  +  (5.5)V  +  (2.3)2  cj*14ln2  y+ 

K  0  \V  nJ 


.  2(5.5)  /*.+  .  2(2.3)  ..57  .  /V  \  f .  .  +.  .  + 

+  ~  1  lny  (dy  >  + - -  Sf  ln  (—S' U  111(7  )dy 


V  0 


+  2(5.5)(2.3)C^57ln  (^\  y+ 


(A40) 


Note:  (ln  x)2  dx  ”  x(ln  x)2  -  2[x(ln  x-1) ]  *  x[ln2x-2  ln  x  +2] 

-  x[ln2x-2(ln  x-1)]  (A41) 


hence 


G  -  -2  {y+[ln2y+  -  2 (ln  y+  -  1)]|  +  (5.5)2  y+ 
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H  - 


+ 

7 


+  5.5  +  2.3 


„.57_ 
°W  111 


Z 

v 


dy+.  (A47) 


Now  since 


X 

v 


+ 

h- 


(A48) 


Substitute  into  equation  (A47) 


Evaluating  term  J: 


(A51) 


+5.5+2 


-  (.57)(2.3) 


(A52) 
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Evaluating  term  M,  we  have: 


(A54) 


Let 


1  - 


(A55) 


2 


3 


(A56) 


(A57) 


Term  1  becomes 


+  5.5  +  2. 


i(ln  y+  -  1)  +  5.5  +  2.3C^57ln 


(A58) 


Term  2  becomes 
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Term  3  becomes 


Now  evaluate  term  N  : 
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*  •  f0[  * 4  * 5] dy+ 


where 


(A65) 


-  13V 

K  3x 


1)  +  5.5  +  2. 


(A66) 


4 


(A67) 


f  v  .^l(2.3K.57)c;-43 


"Q- 


(A68) 


And  we  then  have 


l  dv_ 

K  3x 


k 


4*  + 

y  -  2y  +  5.5 


y+  +  2.3C^57lni/V 


+ 

y 
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In2  y+  -  2(lny+  -  1) 


V*(H> 


+  +  -|  (lny+  -  1) 


+  5.5 


(5.5)2| (A73) 


(A74) 

5.5 

(A75) 
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(A76) 


Combining  into  equation  (A37)  we  have 
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*( 

7+ l^”j^2(ln7+)2  +  (5-5>2-  (2.3)  (.57) 


+  (2.3) (.57) 


Now 


(A77) 


1 

U 


(A78) 


since 


tw  -  Cf(%  pU2) 


(A79) 


and  letting  \  -  -2 . 

V 


(A80) 


Recalling  equation  (A15) 


P 


resulting  in 


from  equation  (A80) 


Therefore  equation  (A79)  becomes 
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Substituting  equations  (A78)  and  (A85)  into  equation  (A77)  and 
combining  terms  we  have 


(In  yV  +  (5.5)2| 


,  3C 

_/X-^<.57)(2 


•3>c“'“"6  : 


1  +  -2(ln  y+  -  1) 
k 


(A86) 

The  value  of  y+  in  equation  (A86)  is  the  value  of  y+  at  the  edge 
of  the  boundary  layer* 

Therefore  at  the  edge  of  the  boundary  layer  we  have 


5-5 


u  -  U 


(A87) 


hence 


+ 

u 


(A88) 


Recalling  equation  (A80)  9 


X 


U 

* 

V 


X 


u 

* 

V 


+ 


+ 

at  y 


(A89) 


Whence  equation  (Al)  becomes  at  y+  *  5+ 


X  -  r  ln«  + 
k 


+  ‘ +  -  cl  ln(p) 


(A90) 


where  o  *  2.3  and  y  *  .5 
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where 


Z  - 


a 


and 


K(X-B) 

e 


Equation  (A86)  then  becomes 


-7"  5+{31n~*[t<ln  6+  - x) 


,v*n 

+  2B  +  2  In  — * 
V0-> 


|(ln  <5+-  l)(B-±)  +i(ln  +  B2  j 


*+  XM  in  ^ 

r*  % 


1  +  K  (In  6+  -1  )  +  ± 
IT  K 


1  \  3C, 


_W 

3x 


Multiplying  by  dx  and  integrating,  we  have 
X(X)  / 


R  (X)  -  R  (X  )  •  f  5  {  21n  — . 
e  e  o  J  * 

X(X  )  1  vo 


|-(ln6+  -  1)  +  2B  + 


+  |(ln<5+  -  l)(B  -  |)  +  — 2 (In 6  +  )2  + 

1C 


(A92) 


(A93) 


.  (A94) 
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For  injection  of  polymer  at  or  close  to  the  leading  edge  we  may 

assume  X  •  0,  hence  Re(X  )  ■  0  and  C  (X  )  ■  C . .  Equation  (A95) 
o’  o  w  o  i 

is  numerinlly  integrated  in  the  flow  model  described  in  chapter  7. 
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COMPUTER  PROGRAM  DATAPAC  AND  SAMPLE  LISTING 
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rnwwoM/ ao ia/m wall  mc  bias 


COM  WON/  I  OVfifl/  UNO  «XP4SS 
rnwnnm  yi  am  t  T|  t  ;  |  T  vr;  i  ft  1 


COW WOK  CX»0£»Ut »CV*SLaT 

ftn  n.n;i  m  -nn  m - mtaUUiU  3+AI2 U lag*! U  >  it. 


t0ELTA**£0£LrAl,a£0£LTA2**EHYQlA*SEX,uKS*Xi:4 
-  COKKOJC  IK  At  Ciai»wCASg  (1 21+NXCH Ag  ( 12  A  »  JUDO*  CUA  »*ia*A<  UZU 
120)  .Mil) 

.IOH#tOH-  XAXCSaZX^YAX  l%*±21MXi^VUlZi  ♦CW*3&C.n»jQ > ■ 


22 (31*2) i VPLUSL ( 31 «2) 
camoM-coiULu^i, 


3IWCNSI0N  WCCW(31).MYf31> 
.jical-uuuoa _ 


*C*XN0  1 
-IK  It J»ASS»30«4X-gfl  10.10- 
XPASS*1 

-ia»Xai33.lOUU _ 


JUAXL. 


*£A0  1C*  NPLOT  * NCH* CNCASg(I) *1*1,11) 
-lO  FQfiftAT  (iZISl _ 


*E*G  20.tlFHTUO,AK*l*19> 
2&_i9G*NArCl£A*) 


*£AQ  IFWT,<URATI0<:*2)*I*1*KBLAS) 
Jlfclfl.  If  NT  «-LAcTA  I UZI  *  IgiaiaiJ^l _ 


*£AQ  30*  <YPLUSL(I*2)  ,X«l*«V4AU.I 
™  *CA(L3(U.(UPLUS LLmZX  Uaj^AUl 
30  FORMAT C6K10«5) 

JI - 


300  C 02 
-33J«3 
uQl  00% 

■oaoM? 


000006 

-433331 


U&UJU. 


100002 

-300335- 


COW  WON  AETA  («»0  •  2 )  *  QUUTAU  <  31*2)  »*EYL (31*2)  *  U  ( 3 1  •  2 )  *  UPLUS  (31*2)  «  U2A 

tTTtU^AKiUATTnmi^i  ^l±zi  ,  ?*  vr.r,  r^_ 


300  oca 
-00  0033 


000013 

■aon?n 


OXWCNSZON  CNUC3D  •01(31)  *02  (31)  *03(31)  ,K*£3<31)  ,2£Y  ( 311  *  TX  (  31)  *  UH 
,1131 1  ♦0*3X102 1311 M  t311*~U31>  *XtiU— Xf  ( 

2(31 I *NNN (12*21 • YHH (31*2) t YPLUSC31.2) 

— QiNgmian-canc  <  311  .trip  ♦flow  nu - 


303310 

100311 


000012 
H2- 
100012 
-000313- 


00001% 

-433035- 


100016 

-maii- 

coooia 

-flmmia 


300020 
-3.00  021- 


300022 
>330  02X 


300  C2w 
■  4nn?S 


00002a 

-3331122- 


C00  C2S 
-It?,  323 


*£AQ  30. (XAX (JK,X) ,UX*t«9) ,NXCHA*OC)  OOOQ3C 

_ 2£Afl-i3*lT3XUKaU>JXP3-*.iL*Air  ChAZlKl _ I _ 233332 

%0  *6AQ  5Q  * (TITLE ( JK  *<) « JK*1 • 9 1 , NTCHAS (K)  000032 

- 5Q.F0aHATt.9A  3  *Lil  _ 030053 

00  ofl  <*t.NCH  00003% 

- 61  3EAQ-50*  (CHAjUCXJK*Kl«jKwl«.9).*i4CHAACJa _ 100. 015 

*£A0  7Q*H*rf*S  100036 

- 20-  F03LAAX  L3K1Q»9) _ _ _ inarm 7 

SUT*5  :0QC3a 

an  agio  3fltl0£Kt*£X>flI  —  —  0.00330 

90  *QftH*r  (I&**X*  2F10*  5)  J 00  0*0 

-  - IK  t  IQ£NT*(LL79Q  *J30  -LOQ - litan-i 

100  CONTINUE  0000*2 

- a«*J - . - 01HIUI 

IKtQI.LE.  1.2-10)  00  TO  120  1000*% 

- - -  - - loajui 

113  ICAO  120*COWC(JI *TC(J*WN) *0UH, XC* XC. ISTOP  3U3C<*6 

_ 320  FG2NAT  (LE 13  *3  « LUL*X5) _ mnn*7 

IF ( X3TOP, GT  •<]  I  GO  TO  130  1302-3 


- - J*J*1 - sgnn-3 

GO  T3  110  101050 

130  JC3NC*J  .  .  _ _ lOQjlil 

CM*CCNC(1)  3  00  0  52 

.  c*c  :*c*/c  i _ _ _ ; _ aoioii 
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oq  i*a  <*t » jconc  aaaos* 

_  iwi  Jicxcx^tMi  *caaciicizc« - aaac 

oo  tso  <*t. jconc  aa:o;b 


:r(cow(K«mft.Gc*a«5>  go  ro  i6Q  oaooss 

_  iSiLXQHTINUe _ IflXUULS 

160  m2* ii-z  oaaoba 

_ NPU3T  *U. _ flQflCct 

GO  TO  ISO  003 062 

t7n  MPLJT»4  _ _  _  _  IflftflJ^ 

ISO  I*t  0200b* 

190  x£AQ  200«YtliJ1Bl^CXl»£mUU H.XL1L^ILU  mlXJJXULU  UL2USA - VULlcS 

200  pOANST  t SF 10  «J )  300366 

_ ntlTCII  ,Lc*.Ucr.lOl_GO.  rjL.210 _ _ _ liUUUZ 

X*£M  303066 

_ GO_TO_L9  0  -  - 

210  CONT1NUC  300070 

_ ,QFU0M«F  LGMUJ _ 303  07-1, 

GV0L*QFLCH*8. J3/ (60* *62 .-I  300072 

•  4 


30  7S0  LL*ltNPLOT  00007W 

_ aS*iiCASJLllU _ 122SZ* 

30  760  .*1N»1 « MC  000  076 

_ IWJ  i  r*.  2Q«Z-,^AO>^«JIS#N£^  OJ-^J>ND^,LL«.£(1aA1  .GO..  10-25.0 _ 102117. 

IF ( ( NH.£3*2  .1NO*  <WALL.Nfc.0)  .AN<3.  LL.iO.71  GO  TO  760  303078 

_ IF (LL.Nc.U  J50  _ta  7Z2 _ : _ 110.373- 

/FS*V(1)  000063 

_ _ _ UF5*FAtaill  i.VF.5 _ IIP  ILL. 

jF5n*UF5*12 . *2.3**« 01  000032 

__  ..  $F*S/12. _ 121062. 

iS13T*S*N  -  00306* 

_  ASL  37F*ASL3T/XW4* _ HlQa5_ 

8610  237/  USL <37*12. *80.  I  3  30  336 

_ 33_223 _ J*1jN _ 101027  . 

CND  ( J 1  *3. 6 090 1355 €-05- <7 •  179738 1 IE-07  1  *  ( T C  Jl  >*< 7 . 1 5890612 £-0  333  0;* 

_ 1 _ 3i  r  CT(jl**2)^<3.50*77166c-U) .•IT  ( J ) •+ 1)  ».  16^62.377  StScrJJtl *  til — lllfltl 

2  j|«*wl  3 00  366 

_ _ J  U*M*M*F9£Q<  J1*V  (  j> _ ,  _ _ 110 069 

J  AATXC  t  J  «  Nfil  *U  ( J  9  HH)  /UFS  000050 

_12J) _ IINTINUE _ _ _ 3  21331 

30  233  K*t.N  202092 

.  .  IF  (URATI0  (K»NBI-«9?)  2*0*2^0*130 _ 2310^3 

230  lONTINUc  00039* 

2  WO.  _  J5L  7A*Y  (K- 1  *  rtHI _ _ _ _ 033  395. 

J  *N ♦ 1  030  096 

_ 1Q_2  ZXJH 1  xH _ _ lUIiT 

L*J-"  000096 

. .  Y2.P1)«r<L».l*> _ 10JC19 

J2(*l  *U<LtNHI  :qoiqo 

U9A  TI02  IN  I  *UAATX0  (L..NN1 _ 2  dllli. 

250  33NTXNUS  000132 

_ 3Q_26  0-IiljJ* _ ill  til  _ 

T  (I,N»I»T2(X)  OOOtO* 

_  _ j  (t  fMNl*u2  (I) _ _ 110  UJ 5. 

u*£r:9<£»»nt«uiArx22(X)  ~  oooioe 

_ JJ»f  X)  *U f  I  .BHl  •  12.  *2 . 5 WJL.-3 1 _ 103-U2  7. . 

Y*(I)*Y<I •  '1*1*2.54  0001C6 

_ ^fcYXLI^UFS*?  (I.NN)/(12.«CN'JLtn _  00010? 

9EYL(t,N?n*ALCGlfl  (9EY  (I) )  060  112 

_  260 _ :ont:nu£ _ 20.0  lul. 

31(11*1.  J  02 112 

_ .3  2 1  U  *  t .  £-10 _ 3.111 1 3 


_ 220- 


230 

240. 
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93<1)«1«£-10 

003 114 

.  , 3Q  27  0.  L*2 frJl  -  .  _ 

Ann  i  *  s 

01  CU«<l«-U*ATlOCU»H*n 

*  C2_fLJ*U«ATTfWL  IL  .'fKl  1 

300 11a 

TflJl  •  «  T 

?ra 

33<LJ*U*ATtOU#«"»*U.-<uaATIOIL**W2.)  » 

CCNYTMLir 

000  118 

jifLft  i < -a 

00  280  U*2 .N 

000  120 

YY  fLA*Y  <L  t**» 

Ann  i 

280 

CONTINUE 

_  _ 

000122 

AAA  .1 

30  290  U*t.% 

“CCU(U*CCH<17  i^**1 

000  12V 
inn  i  ■»* 

-29Q 

rfY  <LJ  »*C  (H2,N*I 
*2**£*L.  . 

300  128 

.irtfl  i 

, 

CAUL  INTEGRAL (N« YY«  01 V0£LTA1) 

CALL  TMTTC3AL  (M.  VY^ni.nrLTAjSI 

000128 

lir  ♦  70 

CAUL  INTEGRAL (N*TY«  03* 0CLTA3) 

no  jiiq  fsi .  n  .  . .  _ 

u 00 13Q 

1  T| 

YOELT  A  <  1 1  MHl  *f  iz»nn) /delta 

Y  Qf  LT  x %  1 1 1  an  1  * Y  /ml?  At 

000 132 

Y0eLTA2ti*WI*TCX  .'iHI/0CLrA2 

J»ATTfl7f  r  .»Mla*VnrLTA(T.»MI  i**M  . /7.  J 

0QQ13V 

igfl  i  t* 

300 

CONTINUE 

19^  1m  (  H  —  U 1  /  \  ^ 

3C01J6 

.im  i  17 

'JAVG*QVQL/AREA 

__  UAVGH*UAtfG*t£.f2,3V*-  at  -  _ 

003  138 

mm  io 

?ERI?i*<  (2**HU(2.«ini/12. 

HYCIA*4,*ftflf AVPr^lH 

0001-0 

3  3ai_.i 

4VQ  IAH«HYOXA*.30n^ 

*l2*C£LTAtvnffUTA? 

0031-2 

^33  1 

H32«C£UTA3/acLr62 

JCx»ur5»Y«ll /<CMuItl*t?.l 

300  1— 

5u3 1  -- 

RENALF^UFS  •  (H/2<*.  )/CNU  ( 1 ) 

3E3ELTA*uF5*fl£LTA/CNtl  (11 

330 l-o 

.  3031-7 

^£a£LrAt»UFS*Q£urAl/CNU<l) 

»£C2Lri2*ur5*Q?LTA2/CNLIill 

J  30  1-8 

_ ioox*x 

^£HYOIA*UA¥G»HYOIA/C?iU(lJ 

CF*W»G.-55/ fAL3C<0.fla**EXl***-l 

320153 
_ COiLLLL 

G£UTA-,1«0£LrA^2«  5  V 

3ELTALM*0£LTA1*2.5L 

330152 

iflm  -i 

:CLTA2M«0£LTA2*2.5U 

CEL  T  A3H«Q£L  T  A3*  2  «  5L 

300 15- 
_ 2JKU15 

XXN«XU> 

300158 

xnnt IN*2.5- 

_ COO  157 

30  310  r«t*n 

300153 

YH(I)*Y<I.MN>/iZ. 

iE(r)*xd)/i2. 

300  taO 

AgTA<r>w*<i»tH(n^EaftT(uES/  (CMutn  »*Ftm ) 

icn  *  - 1 

"310 

CONTINUE 

300  152 

.  30  320  1*1. H  _  _ 

_ OflOXal 

UTAU*UF5*SQ*T  (CFFW/2. ) 

3UUTAU  (X.,  NNI «  <  UFS-U  (  I .  NN>  1  /.UTAH 

300 15- 

_ 

UPLUS  CI*.iHI*UCI»HNI  /UTAU 

YPLUS  Ct.MttlaY  H.rtM*UTlU/  112.  *CNU(1>> 

30Q too 
_ 100.157 

YPLUSU(ZtNn)«AUOGlO (YPUUS (I •««» 1 

300 163 

_ 100-15.3 

32C 

CONTINUE 

300  ITS 

rP(Qr.L2. 1 .C-Ifll  GO  TO  3-0 

_ 101X11 

CAUU  POUY(UANeOA9HCCMt4Y,2) 

30  330  I*t.JCONC  ......  _ 

300  i;2 

_ a  oo  its 

‘  33Q' 

YUAN(I,NHI*YCCI9.1HI/LAN8CA 

aoo ir- 

3-0 

P9INT  35Q « I  DENT 

_ J  QiU55 

350  FORMAT tiMl#20H  TEST  NUMBER  ,151  000  175 


-PRXNT.  jm^XXfUJLM- 
PRINT  500#  UFS,UF5M 

- loairr 

300178 

_  PRINT  5  10  .U  AVG.  UA.VGM  _  _ 

PRINT  370#0£LTA#aCLriN 

30016Q 

PRTNT  3A0. CENTAL.  AIM 

l/lfl#  4« 

PRINT  390#aCLTA2,OcirA2M 

000152 

_  PRINT  _-OQ  *_02J^TA3 -CFL7A2M  _  _ 

i  /I  n  t  •  i 

PRINT  520«hY0ZA  ,MYQIAM 

00015V 

_  .  ...  PRINT  V11.N12 __ 

*s 

PRINT  -#20#  H32 

aaa i3o 

pRi-NT.  j# jo.pf-x 

..  .  AAA  «  •? 

PRINT  5V0,R£HALF 

503144 

PRINT  530 •_  SFHtflTA 

aartita 

PRINT  V40,R20£LTA 

000190 

. PRINT  *5  0.RP-)FLTAt 

.1/1,1131 

PRINT  '#60,R£DELT A2 

000192 

PRINT  <*.40.. — TX (11 

non i4i 

PRINT  h70#  TCU 

COO  19*# 

PRINT  <#<?a-  ^NU  Ml 

'Art  i  -ic 

PRINT  530.CFFH 

000196 

C _ :JT-LI  T5  QN_FR.AN*_  W4ITFL  S  .FORMULA 

■■■■■SrXIVTB 

PRINT  SaOtUTAU 

000  158 

PRINT  570. Cl  -  - 

flrtrt  1  ca 

PRINT  550, QI 

3002C0 

PRINT  ilfl.QFLOW  . 

000211 

PRINT  523 ,0 VOL 

000  202 

PRlNT^i.RO.ur  ...  ... 

1302*7 

PRINT  600,3 

00320V 

PRINT  53fl.CN 

ion:??* 

PRINT  5 VO  «C’4CI 

0002Q6 

PRINT  65  0. LA N9Q  A 

0/1/1707 

360  FORMAT  (1X,11H  X*  ,F9.3,-#n  iN.#F9.3tVH 

CM.} 

0Q02Q8 

.  370  FCRMAT  (1X.I1H  0£L  TA  *  ,F9.3..#M  IN.  .F9.3.-H 

CM.J 

'302*9 

380  FORMAT  UX,ilH  GELTA1  «  #^9#3,**h  IN#,F9.J#*M 

CM.  > 

100210 

_ 390  yQRMAT  (LX.A^H _ QELTA2_  a  ./9.3.-.H  IN.  .FR.  3.  -H 

uN  .  ] 

ti  n  n  7  *  « 

-00  FORMAT  ( IX  »  11H  CELT A3  •  ,F9.3,*H  lN.,r9.3#«#* 

CM.  > 

00Q212 

_ ^lfl  .FORMAT  ..tlXcilM  .  Ml2_  *  .F9.31 

aflfl2ix 

-23  FORMAT  (IX, UH  H32  »-,F9.3) 

00021V 

Illi^lPii^KxTTTni 

-VO  FORMAT  ax,  UMRSDELTA  *  ,  F9  *  0 ) 

100216 

_>50  FORMAT  (IX,  11MRE.QE.LT  AL.  *  #F9»  Q1  _ 

.  3QQ217 

*•60  FORMAT  (IX, 11HREQELTA2  *  if 9,01 

000218 

_ **70  FORMAT  (IX#  11MM2Q  IF. IP  *  .F9.JI 

100219 

-40  FORMAT  (IX,  UH  T  HALL  *  »F9.3) 

300223 

^*90  FORMAT  (Ut*_LlH _  MU.  #  .F9.SJ  33fl?7« 


500  FORMAT  (IX, 11H  UFS  *  ,F9.2,4N  rT/S£C  ,F9.3,3M  H/ScC  >  300222 

_ 510  _ UAVC-  FJT£SEi^u£5#a#JL^£S£jC£J _ 300  223 

520  FORMAT  <1X#UM  MYOIA  «  #F9.3,.#*  FT.,F9,3**H  *„  >  10022V 

_  530  FORMAT.  < IX tllH  RIHTOXA  .*  ..aFRjuIJ _ JOn  ??« 

5V0  *0RMAT(1X,11H  REHALF  *  ,F9#0>  300225 

_ 550  .fOVfAXtUaUl _ Cf  «-  ,£3.a>  _  100  277 

560  F0RMAT(1X,11M  UTAUFw  *  ,F9.*J  00Q223 

_ 573  FORMAT  I IX  jlS_  COMC..  IN  _* #-F9  *.2  *♦.  .pfif* ) _ aoo2?g 

*80  FQRMAT(lX,*POLrFL3W  *  •,F8.2,*  CC/MIN*)  300230 

_ 5 90  FORMA T  ( IX t*  "QUC-JUS N .  _s_2 , £3.#J»_.  «L . LT /3IIU _ 100231 

500  FQRMA T ( IX , •  SLOT  *  *,F9.V#*  IN*»  300232 

_ ftlfl,£ORNAJ.UXi* _ IFLflW  »  *^9.3 ,»  S&37J _ 000233 

620  FORMA T  t IX , •  QVOL*  *,F9.3,*  FT3/SESM  00023V 

‘30  F0RrAT(tX,.*__  CWACL._»  •iF9#2,I_pph*) _ LIB  2.35 

eVO  FORMATS  IX, •  C*/CX  *  •  ,F  9  •**!  000  236 

_  650.5 OR  MATJ.lXjti _ LAHflOA_«  ».F9.») _ 100,22? 


PRINT  J50.IOENT 

- -  PRINT.. 4 14 - 

660  F0RH6T  <//*  t<IN.i  V  (CM* )  UIFT/S)  Jili/ SI  U/UFS  t/ 

y^p»>  - i*y  fi&  ggy  auflfl  U.  **tm.  i. 

2  ZCIN»)*/I 

- - - aaMa-i*t+H — - - 

670  PRINT  640«V(t«J1ft»'Vrt<X)  .U(I,  JMI  .UNIX )  .UlUriO  <1  .NHI  •  TOIL  TAX  1 1  #N 
- 1 - AX.  TQELt  alt  Lwi*t ua&t tXUact^OX^uUMJttgLg^i^NX^gT^  (I , am  .  jO- 

z  n,zd) 

5JLQ  jftRHRTf IX-UFUUII,  —  .  ■  -  -■  .  — 

PRINT  690 

*AtL-FQ*HKT-U/-+J> - TtIH*J - XJZUJU - IUU tS - Utf-U-  — W.US - 

tYPtUS  OEL  UT3U  T/H&CP*  C0G<YPUJS>*7) 

- 00-  T 10-  - , - - - 

PRINT  700*rCI,NNI  , YQ£LTA < I «NN I *UR*Tt3 < t •*«* iOROTIOY t I ♦ *m  *  U 

_ t _ auiSLUaai  -rot  usi  unki  ^aummm^uu .  yhh  1 1 .  mu-raui  suj^juu — 

700  FQRIUTUX#9F10.3> 


PRINT  720 

—  Z2a-FQgn^TC/X* - YC-UN- 

00  730  J*1 ♦ JC0NC 

_ - 3PTMT  7Lfl.f/!U-MK 

TWO  FGRHATliX«5F10*31 

_ so- r  a_i7a _ 

790  MNN(LU,W0«K8LAS 

_ GO.tC-TAO _ 

760  NNN({.L»Nffl«KNALL 

_ _ sa-TO-rao _ 

770  MNNdl.fM'nM 

_ _ _ if  ( LL^ca^xa^^aR^- 

roc  continue 

_ I<AU-FUNPU3TUWN) _ 

CN«0* 

_ CNCIx.0* _ 

Q1*Q» 

_ CH»U - 

REMIND  1 

_  oa-iaioo _ 

790  CONTINUE 

imam** _ 

a oo  continue 

—  £NO..  _ _ _ 


30023$ 

-WOJX 

0002*3 


OOC2W- 

-10&2—5- 

3002-5 


3002*$ 
.000  2-9- 
000250 


3002fW 

-1302=5- 

300256 


300262 

■Mfl  7*3- 

300  26*» 
:an76E- 
0002=6 
000267 
000254 
inn  j>e3_ 
300270 


303010 

-aaaan 


3Q0012 
im.ii  i 


CAU.  J?OV£R  m,*rtTiGi) 

.go  ra  ifl - 


20 


CONTINUE 

-.NO _ 
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_ _ _ *£S£QU£*Cfca  LX5IXM&  _ 

_ SJJBR0UII2i£-£yKPLflI  iLZ3 _ jUflJLU— 

COMMON  YLAM<31,2)  « YCC (31*21  000002 

_ caNW0N_cr*aiuii*cii*s— _ aamu 

COMMON  0€LrA*0£LrAt  ,O£LTA2#Hr0IA*H12#H32,:3ENT,LL»HC*.'4CH*;4PCOT,  R£  30QQGV 

_ 10EUA,A£C£UAl.R£0£UAi,a£HtOIA,;i£X,iJF_3.,JCl;i _ OISJLCa. 

COMMON  rFMT  Cifl)  ♦MCAS£«i2)  »NXCNAR(12I  ,NYCH«C12)  tNTCHARU2)  *  UCNARC  000  305 

_ UUJ.iT.HU - C-1QJU35_ 

COMMON  XAX<9,12)  ,  YAX<9,  12) * TITL£ (9, 12)  , CHAftAC  (9,  20 )  003  006 

~~  lTI0Ua,2)  ,URATia7t3l»2)  ,Y(31,2),rO£LrA(31,2)  ,YQ£LTAl<31,2>  ,  YO£LTA  303007 

_ 22(31,2)  ,  YPVUSU3U2J _ QflaOfl? 

COMMON  CC*  <  31«2  )  000006 


[(Pr-WWIW  Kii  i.IlMfJ  m«r  Ml 


1XOT  U2)  «MOI20tf  NU3£L(12)  ,NUGGX(l2)  ,NL0GY(12)  VNL0GK12)  *  NL0G2t  12) 
^2rMSTM(12,£l  ,NXT  M2)  ,NYT  M2)  *£XM21i 21 112.1  ,XAXLI 121 .  IflllHU  1H2 1 12. 
3) tXCl (20 ) tXcNO (12) *  XORIQ (12) ,XNUM<2  0> ,X0F(12) •  XUNtT (12 ) t YAXL C12 ) * 

"*  CIM£nS20N  Pt  UO,  11,2)  *Ql  (40*11.2)  »P  <20  )  •  YNUM  (20)  «  IPZ  (12  )  *  X2  (12,2) 


CATA  (NLOCi (I) • 1*1,11)/ 11*0/ 

_ 0ArA-JNLOOTiIJaI»VilX)/.H.*.0^ _ 

CAT  A  (NICG2 ( X)  ♦  1*1, 11)/ 11 *3/ 

_ OAT  A. .( U  C  A  ia*  l 1*11)  /_  a*  0 ,  !**•  (12 _ _ 

oata  aoaxoYfZ)  ,1*1.111/11*0/ 

_ wijLjj<Ga:oiiux*ii.iu/jjLiiz _ 

CATA  (NSYMd.t)  ,1*1,11)  / 11*67000 0  30 00 000 00 3 9/ 

_ CATA  <NSYM<I,2)  ,1*1,11)  /a*60QaQ0Q  QQQQflQQflQq  ^qQQIIQ  0  0000  0  000,3  a,  2^6 

13000000000000009/ 

_ CATA  _ 

OATA  (XGRIDO  ,  I*i.ll)/6*.5,3.  ,,*.5/ 

CAT  A  (FACTO,  X*i.ll)/H*l,/ 

_ aATA_(KLAaeua)  h*i.ii)  2iiri/_ _ 

CATA  (NCA3£L(X)  ,  1*1 , ID / 11*20/ 

_ CATA-  (N4Td)  *  I*  l » 11) /<♦*  11.,  13 ,  ll_t  0  *.*,_iJULZ _ 

OATA  (NYT (X) ,1*1,11) / 11*11/ 

_ C ATj4_<fx  ( cb.luJUAiUX _ 

OATA  (PY  <I) ,I*l»ll)/ll*2*5/ 

_ OAT  A  ( XA  XU  I ) ,  X *1  til)  /m_*5  •  ,6 ,  J  .±7^3-1  _ 

DATA  (YAXL(I), 1*1, 111/11*5./ 

_ OATA  (XUNITC)  ,1*1.  IU/5. ,  l,,5,,10t-.3c.A.,3.j.i±W _ 

OATA  YUNlT(l)/a  ,250/,  (YUNlT  (X)  ,Z*2t  11) /<►•!•  ,3,  ,«*0.  ,20,  •  l,  ,  .30  ,5  ./ 
_ cat  a_  txc  F  <  I-L,  X«1  MH7j»  ,6 *JU£ _ 

OATA  <YOF  (I)  ,1*1,11)  /H*3  ,/ 

_ OATA  .(X£NOlI)  ,  l!  liUi/2.*-  3  ,  ,12^  L.t*2  J  .12.  .■?,  .-T.  .±2.  .-l.  .12.7 

OATA  (Y£N0(X) ,:«l,ll)/2*7,,-21.5,2*T. , -21 . 5 , 2*7 . , -21 .3 , 7  . , -i 2. / 

_ J3ATA  (X81(I)  ,I»ltll.)/ll*JM«2 _ 

OATA  (X32CX) ,1*1,11) /11*0,/ 


0Q3C21 
300 022 
300023 


300027 

JLflUCZa,. 

300329 
J)  03.5  3.0  _ 
300031 
__1QQ  032  . 
300033 

man  lu _ 

300  333 
JloajQ.36. 

300  3  37 
^U0JL3a-_ 
003039 


OATA  (Y82 (X)  ,1*1 ,111/11+6,5/  QQQOwl 

_ OATA  (<SYM(ltt)  *X*itUim*t/. _ QJflL0JL*2_ 

OATA  l<SYM(X,2)  ,X*l,U)/3*0, 2,2*0/  OODOU 

_ OAT  A_<XCi(2>.*I*t,5>/3+i^275/_,  (XCLil)  ,I»fc  .Hi/S  +  3.775/.  _  txci  i  n  ,111  maa-.. 

11 , 15) /3  *5 .3  73/ ,  <XCl(t),:*l6,20)/5*7.975/  3  00  0,** 

_ PAT  JLJX&  1 J  t  j  i  5  »  5j./JMi*25Z _ laJUai : 

OATA  (YC1  (I)  , 1*2*17, 5)/<.*l.  00/  000  0-6 

_ OATA  (YCK 13 ,3)/<*j^0_t.7_i2 _ OflOlac 

OATA  (YCl(I) .1*4, 19, 3)/ A* 0.33/  3000-3 

_ OAT  A _ ( YC.X  ( I )  iC?5j 25  .  _ P.0.0 SL*3 
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OAT  A  (NO  1 2)  •  1*1.20) /Q.-**J,3^0.5*  3.1.3, 1.2*5/ 

.  _  .  QATA.IXNUmUvt«l.»11/S»Z^Z5A#aXMU>llIA  0  > /5»U.  773/ , 

11*11.15) /$*6. 675/, (XNUfMl)  ,1*16.20) /3* A. 675/ 

OftistQCMT 

300030 

000031 
**<*  «  ~  » 

P<2)*XlN 

000033 

»rn«gp£, 

nnnnsi. 

pu)*m  i) 

000055 

3  _ 

-l  fl  n  rt  r  j; 

P<6)«*£X 

000037 

_  Pf71*flPWVQTJ. 

P(A)M£0cLTA 

300053 

?(^i*a?O^TAt  _ 

P(ia)M£0iLT12 

300061 

_ _ 

_  1<V|  T  A* 

P  (12)  *0£LTA1 

000053 

_  P«13l*nPLJM2  -  -  -  .  - 

P  <1  ♦)  *H12 

000063 

Ptl.3l*H3?  _.  .  .  _ 

.1  n  n  n  a  a 

p<i6i*c: 

300  067 

..  Pll7l*QT_ 

•./in  fiii 

?UA)*C* 

300069 

3(i9i*ui  _ 

.  .  ftft*  .irn 

p(20)*S 

0  00  07 1 

3a  13. .  r»i_^P!_ar  _  _ 

3J50076 

9C*«CAS£Ct> 

300073 

SO  1(1  . .  .  . 

OBOOTA. 

IS2*I2(I,.i) 

300075 

-  2(3  to  J«1.-TS2  _  -  -  ---  . 

.  ..  _  1313*^ 

P1U.1..1I 

Z 30  077 

ate . 

UfiCflTt 

Pt  (J,2..'t>*TQ£LrA(J«^) 

030079 

_  -  01  (J.2t1>  *URATiai  J.1>  _  _  _  . 

-  oanaio 

Pit  J.J.ill^QcLTAl  (J,*) 

333051 

_2l(J.3«>'4l  *UR«i  7  IQ  t  J  •  1 1  _  _ 

350052 

*1<  *rOcL7A2  ( J  ,  1 ) 

330063 

...  IIU,*.*)  *U*ATI0<J.1>  - 

00005^ 

91U,5,.i)*REYLU,1) 

300035 

Ql *URATia( J.11 

3  00  dan. 

PKJ.o.il  *U«ATX0(J,^) 

320  067 

01  ( J.O.,11  *4*74  1 J.  »)  _ 

1QOJa« 

PI  U.7,l)*rPi.uSL(j,ii 

300 069 

—  -  _  11  ( J.7.1l*UPLUS(J.*f  .  _  __ 

-IIXQJlO- 

Pi  (  J.A./1)  *TQ£LTA  (  J ,  Ml 

100091 

11U.6.MI  *QUUTUMJ.M1 

0003X32... 

3t (J.9.1) *U«ATI0( J.l) 

302  093 

_  Pl<J.9.2)*U*ATI07tJ.l> 

i  ao  net. 

ll(J.9.">*YOELTAI J,l> 

000095 

Pi  *CC'M  (  J  «  M I  .  _  .  - 

11  (  J,  10,11  *?CC  (J*  D 

330097 

_  Pi<J,U..1l*CC54(J.M>  -  . 

__  _  aflflcai i 

11  U,  11.11  *fLAH<J  ,11 

300099 

id  CONTINUE  _  .  . 

aaaica 

00  23  4*1. NCH 

300  10 1 

20  YNVil (I)  **  Cl  (I) 

_ ao  a  a  o  2. 

*RIT5 <1,701  MP<pQT 

300 103 

CO  60  I*1..MPL0T  .  .  _  _  _  _  _ 

_  .  _  *3  tl  fl  1 2  U 

lC*1CA*Z(I> 

030  105 

_  00  30  .1*1. tiC 

3  !1  fl  1  3  A 

30  :pr<H!*tZ(i,*> 

00Q 107 

XNTCH4P*NTCHA<?  (IJ 

Jftftt  0* 

XC*»54  U3UI)  -n<5T* tNTCHAR) 

300  109 

r C*l. fi  25 

_ JOCXUL 
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*«iTc<i.ao)  F4cm>,xc*iaii) *rc«ro(i) 

309  111 

J*ITS(i‘7,n  rtf*. XAPLi  n  -*<ia_TniT\  -  a:i  nft*  f  71  f  r  i  . 

mi  rr. 

1  r a j ,HcaG2(u vua^xax(X) *lgricy  id 

300112 

tFucLAaELtt)  .:Q.m  ca.  :t_?i  _  _  _ 

lUBMl 

30  **3  J*lt.*4CH 

300 li<- 

^ftT-T*  Ll^Dl  HCl  l_l%  ♦  tUl  .IMIWI  J4  -VMlIMf  _ll 

•inn  • «  < 

4RITE  (1.1001  (CMARmC(  JK*JI  *JX*1#9I 

300 116 

4«?T?  Allfll  {1  LJl  L.JJ  -- 

1  n  1  « 1  7 

50  CONTINUE 

300 113 

4*rT5fi^t2«x  HnsFiTi 

-  iii" --id-. 

**ITc(l*l30>  PX(I)  ,PY  (11  «XAXL(X)  «  YAXU  (II  #  XU?l£T  1  X)  .  YUNIT(I)  # 

tZFi 

30 a  120 

t  ti .  Yflpfti 

-  ■  •'fla  *-3!L 

4*lTi  (1.1301  XcNO(X)*  YENOtXJ  tXflUtl  t X02I2)  *Y3i  (X)  *Yfl2  (X)  «XC 

•  YC 

300 121 

LQ9 L 

-  ftflfli?* 

4*ITc  (1*100J  ( YAX  (UtX  )  »(.«1*9>  *NYCHAii(I) 

300123 

WftlT-d.iaa)  t  TTTLZrL.M  *1  .HTCVAiStTl 

ana i?u 

**ITE (1*150)  (KSY«(Xf Ml *,Y*l*ttC> 

300 125 

WdtT-  (  1,.  1501  (t7f  TmLM 

nam?* 

■4*17*  (If  1501  <IPZU)*L*1,*C> 

300 127 

4»itxr  ( 1..160)  •L*i»mi  _  _ 

00  aO  M«l#MC 

300  125 

_  rsz*r2tr.*i  _  _.  _  _ 

nan iTa 

4i?XTE  (If  XFMT)  U»1U.:*M! 

300131 

rfPITEd.IF-lTl  t  Q1(J  .1  ,.Y>  .J*i  .IS?1 

a  3ft  132_ 

IF< K£Y?1< I *M1  *£Q*Q)  GO  TO  60 

000133 

ARITE  ( 1  .  1«*J  1  NSYNII-.Yl  .XSt^r.M  ._  __ 

2ftft!3w 

60  CONTINUE 

300135 

70  FOS  MAT  <5151  _  _ 

3QQ  L25 

50  FORMAT (3F10. 5) 

300 137 

an  *03**1*  (uF  1ft.  51 

ano  LlA 

too  FORMAT (9A*,I3I 

300  139 

lift  Fa*14T(Fl2.$.Flfl.5.r*l  f  .  -  ... 

3flQ l»fl 

12C  rO-R  MA  T  1 3 1 5  *  r  5  •  3  ) 

300 141 

130  rQRMATCAFtO.Sl 

3  0a^>2_ 

140  F Q9MATU5,I3,F3*31 

aooi-J 

150  ?QSMAT<16X5I  .  _ 

160  ?<HHAT(10Aa» 

3  Q0 1-5 

3.FTU5N  __ 

1  Q  3 

-:nc 

3001-7 

* 


I 
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uOu at£  ppecision  *,a 

_ am  gas, ion  A.u^t^au^j.^uxizauAi  »Ajaaai _ 

3Z-1ENSXQN  X  OAT  A  ( 31)  ,TQATA<31) 

_ — xxa _ _ _ _ — --  -  --  —  - 

<i*a 

_ mum^mutAgu  —  —  — —  - -  -  - 

mOATA2»nOATA-2 

a_fla  - 

<i*<t*i 

_ _  -  All*Aa*X£UlXlXili*2 _ 

A  <X«2)*X0ATA(K1) 

_ AiLv ZX*  l-  - _ 

20  A(I,*)*rOATA(Kl) 

- <i«a-2 _ 

CAU.  GAUSj(A,3,->) 

_ K*lC*  1 _ 

00  30  1*1,3 

_ ILltL*JX*ALL.J*J _ I _ 

<Pl*< 

_ Qfl-  +0-L*±*2 _ 

<P?*<P1*1 

_ AR£A  CKPluO  lUAL*  <XQA  TA. ( KgZl+JM-xaAXA  IKS  1 1  »*  21  / 3 ,  t i  ( Z*  1 1 4 

1  4  OCP2)  •♦2-*0ATAUPl)»*2) /2.  *3(3,1  JMXOATA  (KP2)-XCATA<KP1)  » 

_ f.O  <Pt*<Pl*l _ _ _ 

IFl K, C7 .NO At 42)  GO  TO  10 

...  .  00  53.  1*2. < _ 

50  Atf<  X)*t  AftgA  fX,X<-l>*  AREA  (1,1)  I  *.3 

_ Ami  «4*£A  U»U- _ 

4V(*iOATA1)*4»Em  (HOATA1,  N0ATA2) 

_ SUT*0 . _ 

00  60  1*1 «ftOAT  A1 

_ 60  SUI-SU.'l+AVd) _ 

*ETU*N 

_ iHO _ 


000027 

■laaa^j 

000029 

JUHUUfl 

000031 

iaqju2 

030033 


1 

'1 

’  Si 

i 

1 

M 
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I 

j 

i 

1 

i 

1 

i 

OOU9U  PPSCXSI3N  H 

3MC.*SI0M  - 

00  10  <»l*K 

- OUlUt - 

30  10  0»<K*NP1 


000002 
-404.CS3- 
0C3  G 3U 
■  040  003  . 
C30006 


278 


RESEQUENCE  0-Ll$«M4. 


■^arjjLH  aiania,, 


43344.1- 


OVERLAY  <9*1 

—  --co**oiujcuEg*i£f*a«4PASS- 
CONMON/G/PX.PY 


COHHDN/SIN/XLINI  (121  tXLlN2C12>  tYLlMi<l2>  *YLIM2(12>  *K*L 

■xoimoiuixfi^itcagje .  YiYL.r4x,MYCiaa.NL.0C2.»Lgasafc.t4ats*  — 


osoaoz 

■444443- 


aoooa- 

-444445 


323306 
-44444 X- 


SIMCNSIQN  ISZ(lc) ,I?Z<16> *<SY«(lal  303006 

- 4I?tgiH440a.XW^<44X4^W4XXUS44U4XHWa4 - 44544.4- 

C...NPLO T  rs  TN£  NUH8ER  OF  SEPARATE  PLOTS  Q00010 

C • • *xGRia t YGRIO  ARE  THE  GRID  WIDTHS  300012 

.  C„*.XL*af.L  IMOICAIZG- WMCTHttft  aKICC  VALUES  44  444X44444  ORE  TO  AJaS.lS  ■  444443 


C •  •  *CM  TH c  PLOT 

>4«^it44£U44  ■rH€-.,HU2ta.c*-OF-  L44£L£3-5A*IAaL£S- 
C.*.IF  <GRIO  *  i.  A  GRIO  WILL  36  PLOTTED 


E-  HIGHEST— POWER- -CK—THC—l  0C-.X*AXIS- 
C...NLCGI  IS  TH£  LOWEST  PQW£R  3F  THE  LOG  X-AXIS 


QQQQlw 

444415- 


300016 

-444444- 


QQQ01S 
■433  C;  4- 


c« **hlog2  is  the  lowest  power  of  the  log  y-axis 

-0^«^Gaiax»q^iat~lNaiCAJS-WH£rM£R-LCG-G4I3S-Lg£.  TO  3E  GAAjqt- 
C*..HCASS*NUH8ER  OF  FIGURES  ON  THE  PLOT 
u«.^NXX«NYt-ARE-  HUHacR-  OF-  riCJC-NAJUS- 


C...hGT**4E2ShT  OF  the  CHARACTERS  to  3c  PPINTEO  IN  TITLE 
-C***PX»PY  ARE.  flEGlNHl3ULXaoanXl*4XSS  G£  THF  UU _ 


C  •  • «XAXL *  Y4XL  ARE  THE  AXIS  LENGTHS  IN  INCHES 
C  » «.«JCUNII  . TUN  IT  ARE.-THE-SCALEII-LENGTHS-aE-taE-JLXES- 
C...XOF,rOF  ARE  THE  OFFSETS 
C..*.X£N(1*  YENQ.  ARE- THE.  CaQRaiNATES.-aF_£NPl_L- 


C««.X31,X32,Y91VY82  AR£  THE  30R0ER  LENGTHS  IN  INCHES 
.  C . ^Ca-TC -ARS—XHE,  EHLSIMNiNGuJLaflRQINATr S  ZF  T hr  IUU, 
C  •  « *XAX  IS  THE  TITLE  OF  THE  X-AXIS 

.  C  •  *.«N XCHAR.  IS  THE^NUnaEA.  0 £_ CHARACTERS-  1X.XAX _ 


C  •  •  •  Y  AX  ts  The  TITLE  OF  THE  Y-AXIS 


330  C 20 
■  44442-1  - 


300022 
344  421- 


303  0  2** 
,,,!?*)  ft  ?c 


30302a 
■  444427 


300  C  25 
-34442.9, 


0Q0C3Q 

XCLiLm 


330032 


30303*. 


C.*.«.*NYCHAR_  IS  7HC.NUHaER._OE  CHARACTERS,  IN.  YAX _ L444-I3 

C*.. TITLE  IS  THE  TITLE  OF  THE  PLOT  3Q0C36 

. . : ,,.ntour_  ls  thf  ;amaER  ae  characters  m _th*_. _ isuuz. 

C • • •  KSYM* 1  INDICATES  T MAT  SYnflOLS  ANO  ulNES  ARE  TQ  3£  PL0TTS3  000036 

.  1..  .KSYM*2  INDICATES  THAT  ONLY  SYMBOLS.  .ARj*LJl_3EL_ ? UlLTEfl _ 144LS9 

C...ISZ  IS  THE  NUMBER  GF  POINTS  TO  BE  READ  3000-3 

C...IPZ  IS  THE  NUMBER.  OF  P0INTS_TQ  3£  PLOTTED _ 441UU1. 

C...IFMT  IS  THE  ^  CRN  AT  OF  THE  X.Y  OATA  TC  BE  READ  303fl*.2 

_ C  ALL-.PL0.T  SUUiiJJl 1 _ unfl-Y 

READ!  1 »  20  )  NPL3T  3330  — 

_  00  110  KLH»l.’NPLOr _ 1Q4(L*S 

<*L**LN  iflifl-o 

.  _  _ READ  (If  101  FACT*.XGRUUY.CRIO _ iaflfl-7 

10  FORMAT ( 3F 10 • 5 )  3300-i 

_ OAU^CiCTOrUEACTJ _ 

REAO  Cl «  20  >  XLA5EL • NLA6EL #  KGRIQ ♦ NLOGXf NLOGt »NL0GY  *NL0G2  #LCRIDX *  L  303  3  =  3 

__t  GRIOY.. _ OflOOiO 

20  C0RM4  T (913)  300C51 

. _ .  IFOCLA3SL*  £2*  1)  CALL_LA8£L.(NLABEU _ 130  0=2 

REAO  Cl • 33 1  HCASE*NXT,NYTfHGT  3C3  0  5  3 

.  _ 30_  FORMAT  ( 3 1.3.*  F_5  •  3R _ 143  0.5  » 

REA0C1.-3I  PX#prtXAXL*YAXL*XUNXT,YUNlT,XOF,YQF  000055 

REAOUf-*0)  XEN0*TEy0t<aiiX82tr9L,.r.32,XC^YC _ J1AjL55 

••0  FORMA  T  (  6F 10  «  5  I  330357 

. _RE_AOt  1*501.  (XAXCLI  ,L*l  j9ljiiXQHAR _ 190.15* 
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PSAOtl. SOI  CYAXCU  *L»1#9> .NYCHAP 

300059 

?r&aci.«a\  itmin  1.1  *4.».urruia  __ 

50  F0PHATC9A6. X6» 

H»*CAS;? 

000061 

P£AOtl,60>  USYHCU  .L*t.HI 

PFAACt.ifli  iri?iL».L«t.iii 

3 00  0s3 

9£A0  (1.60)  (IPZCU  .L*t.HI 

300065 

6Q  rO^^AT  t 1615)  . 

P£AO<l.70l  tlFMTlU  •Lat.iOl 

ffl  FOPHATtlflAP1  -  ■ 

330  CoZ 

XLIH1  OCLN»*XOF 

XLIM2  CKL^I*XywiT^flP^-AftHi 

300069 

turn  at* 

ylxhi cklhi»yqf 

YLIH£ 

000071 
3flO  *77 

call  Pcar(X82«rai»3i 

CALL  PLOT (X91.Y91 -21  _ 

000073 

tnnn7u 

CALL  PLOT  1X81  *  *02  *2) 

Call  PLOT <*R? ******* 

300073 

OflflflY* 

CALL  PLOT  (X 82  •  Y01 « 2) 

f PixC8io»£Q» Ca^l  spin  iya^l.  yaxl  .  *carn*  YGami _ 

000077 

CALL  CHAP CXC. YC.3 . .M6T «  TITUE «  NTCHAP ) 

tJtAXL. 

000079 
iA  _anfln  as 

1  X  .rtXCH&P  «NL0G 1 ) 

X^PsXAXL/XUNtr  _  _ 

000060 

aflflflAi 

YSPaitAXL/TUHtT 

CALL  »LOT CPt-PY.-Xl 

000062 

_  CALL  OFFSTtXOF.YaF.l) 

CALL  SClLr(XSF.Y5F.ll 

QQ006* 

5fmni« 

rp(NLOCx.Nt.a)  go  ro  so 

CALL  AXTS  (0- .0  ..XAX.MXCHAfi.XAXL  .HXT  . 

300066 

00  £F  C MLOGY •  N£ .  3 1  GO  TO  90 

300066 

CALL  A  X  IS  (  0  ♦  ♦  0  m  «  Y  AX  W4  VC  HAP  .  T  AXL.fl  vT  ,q  .!!.  luff  4/?.  J 

-000065 

"*90  "  0  0  10  0  J*1.H 

M«tS?(JI 

300090 
^03  09t 

:z*ipz< j> 

^PAcri.rPHfi  md.ji.ru.M) 

000092 

9£AO  Cl. XFHT)  (V  Cl.JI ,X»1.NI 
<SYH9*<SYHf J) 

~  00009* 

onnaps 

IF  ( KSYM0#N£  •  0)  CALL  SYH0C.KIZ.JI 

IF  ( KS YH0 • tO . 2 )  GO.  IQ  100 

300096 

300(197 

CALL  PLOT (U  <  t  »J  >  « V( l , J) ,J) 

30  ica  r*i.rz 

300096 

_ toxcaa 

XF(UCX.J)  •LT.XLXHKXLHI  .OP.  U  <  I ,  J  1 .07  .  XLIHZ  CXLHI  > 

t  100  _ 

GO  TO 

J0Q lu3 
_ 300.100 

IF ( V ( I » J) «LT. YLlHl (KLHI  .OP.  Y(I«JI «CT« YLlf  2 (KLHI 1 

1  _  .100 

GO  TO 

330131 
TOO  1  XS 

CALL  PLOTtUCI.J). VfZ.JI.2l 

100  CONYINU- 

300  102 
180103 

CALL  *£S£T 

112  .'.ALL  PLOT  fX*HO.  YFNO.-Sl 

30313* 
_ 200X05. 

CALL  PCScT 

CALL.  * NPL  7  f  X£NO  .  YEHO 1 

300106 

£NO 

303126 
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ag<g/yigM/;y  i  ^r^e 


■UMfliitnig  garaanunu, tcaTn,trsaim 


C 0HH0N/G/PX*PY 

Tf_f F  Gfr  Tfl  ttt- 


LX*XAXL/ <2.**G*I0>*.  9SSS 
-uo-irtT^nuuT-i^o  oa  to  zo- 


0QQC02 

-WW3" 


UTmy^xuy ^2* 


ooooov 

4WW- 


YA»PY*YAXL 

- ytuGMza*.Lt~i+&~*i  sa  ra-jo- 


aoaoo6 

ISAAAZ 


CAUL  PLOTtXA.PY  *  Jl 
-  CAU.  gUmiOAOl. 


aoooos 

JO  04  AS. 


JO  tMYCaiO-LT.l.c-5>  GO  TO  40 

rrt tr>ara.ir.i,4«ii  caul  ?uuu»xa< 


CALL  PL0T(PX,TA.2) 


AJ- 


Qoooia 
-awova- 
000012 
■  0404.  U- 


aoooi* 
■joa-ou 


40  P*PX 

;^mtGai0*LT^l»t.-f  f  Tfi  70— 

300016 

OftOfll? 

00  50  1*1 »LX 

000013 

i n n n«  a 

CAUL  PU0T(P,PY,J1 

300020 

CALL-  Pi  fP-VA-J* 

-  - 

IFtl.EO.LX)  CO  TO  60 

000022 

P*P**r.3Tn  ...... 

CAUL  PL0T<P,YA.J1 

00002V 

,  _  ClLL_Pt  OTtP.P^  *7\ 

30  CONTINUE 

000  026 

&<)  CALl^PLqT(PX.^?Y^Jl  - 

-  --  nnnftPT 

70  Q**Y 

OOSG2S 

IFf  YG»ra-LT.l.£--9)  CO  TO  60  _  . 

innn^a 

DO  jo  :*t*ur 

000030 

_1*Q4YG»I3 

infs  n  ti 

CAUL  PLCT<PX,a.3» 

*  COO 0 32 

_.  _.  CALL  PLOT  (XA.fli2)  _  _ 

iftflA.it 

IFd.EC.UYI  *gru*N 

30Q03V 

T«n»YGPTn  _  _ 

11 10  0*5 

CAUL  PLOT (XA  f  O  *  3 1 

300036 

_  CALL  PLOT  tFJt.a.21_  _  _ 

inn  n7 

30  CONTINUE 

300  033 

SO  CONTINUE  _ 

.  OOQJ3  35 

<52TU*N 

3000*0 

£NO  ._  _  ... 

iflna^L 

— gESrflnffMCzn-istmr* 


_ sugflQurrag  ------ 

:...xc*rc  4R&  thc  beginning  cgohoinatcS  of  the  variables  000002 

-M •*-  XtiWtitMUH- AJULMi£^AtaXMHlH^  CCQa&ltUSZS.  u£  £Kc  *tf*g£g S - l&LGGX 

C.*. CHIRAC  IS  7Wff  ALPHABETIC  CHARACTERS  000  034 

ft.»/<CHA3  rs  rwg  sming*  a*  CtfA£ACX£IS  LN  QliAAC _ aOPflfl* 

C.. .VALUE  IS  the  VALUE  OF  TW£  VARIABLE  330 0C6 

LS.THE  HcIGNT  Of  TMfc  GHAlA&Xmi _ IflJlAGl- 

C*..nO  IS  the  nun 6CE  OF  OIGITS  to  THE  RIGHT  OF  THE  QECINAL  POINT  000004 

_ SX-HEHSlflU  CHARACLL3J _ IQaflO.R 

00  40  I«t«N  000010 

_ _ aSAOii.ioj^jcajLiCAjt/iuflcXNUM _ xoflaiu 

10  FaRHAT<4FtO#5>  000012 

_ i£AtUii2fl>  JL£&kRi£JUl  mJmIm il  iNCHA* _ UP  Cl.l 

20  F0RHATt9A5*iai  000014 

_ READ. I  LftJOJ_VA  Lll£jJiGJ+JiQ _ OJUULXS. 

30  FORfHT(Fl2.5tFl0.5,I3>  000016 

_ 3ALL^CH4RtXC*_YCa  0«  •HG'LajCHARAC*ilOlARJ _ 011331:. 

40  CALL  NUHPtT <XNUH,TNUN,a #*HGT*WALU£*NQ>  300019 

_ anuiN _ oama 

£NO  000020 


_ sua&aurittg.  sittaoiuiz*>a  — - 

C...NSYH  IS  TH£  STH30L 

IHI&a.UAU  ml  HHlCtt-STrtflflLS- ASE  TlV  If  MLQXXMA  ■■ 

C • • *H  IS  THC  HEIGHT  OF  THE  SYH90US 

_ OOlttO ttf  Si  M/IU3  0^2J  ^W30.*2J - 

COMHON/SIM/XLI^I  (12)  ♦XUI‘i2ti2)  .ruiwt<i2)*rui«2U2J  **JH. 

_ a£AOt,u-uu  ttsxa.«jtsijtf«a  -  _  .  —  .  ,,,  -  „  . 

ta  fo^AnAitis.Rs.  ji 

_ .  _  2H.  z&  r»t  t  iZr^si^Y _ ------  -  —  ■  - 

trcuci.j) •cr«xuiMi(KHu  .or.  aa.j) .GT.xux^atx^u )  go  to  zq 

—  . . ZFULX^l^I^UJH-tMiU-  *&L+-UU*JJ +Zt+1.LZXZ IX XI  U  gQ-Ifl-M, 

CAuL  VECTQRUI  <t  %  J) *Vf X.JI , i • t • - 1 *  NS* n I 

_ ^^OMII^UC _ — _ _ _ _ _ _ _ 

*£TURH 


300002 


*  kmk  1  ‘-T  .  ..  ...  -»“» 


C  MOM/ LC  0/ NL  0  G  Y  «  Y  A  XL  •  y  AX  9  YQ4  AH  » .MC  0G2  »  U  CA  £  0  X  •  L  0  A  £0  Y 
_  yax;(91  *.TLQG<iai 

300002 

infinrtv 

QIXCHS10H  tLQGt IQ) *  XXil ) »XAXt9> 
c...PRXnr  x*axi«l_  power*  at  «« 

aoaoav 

i.isnrtc 

PX4X*PX 

PYAXaPY 

300006 

000007 

IFIHLOGX.Xa.O)  GO  TQ  70 

XAXPaPX*XAXL 

300  QOS 

fl£2flfl_« 

call  plot  IPX#PY f 3) 

300  CIO 

CALI_  PLOT  tXAXP.PY.2) 

nnoof  i 

PXX«P* 

.  300012 

PXXaPX 

.  .  annoix 

00001+ 

PYaPY-.2§ 

aoooi  * 

X1*XAXL*1»£«* 

>ILaGaNLQGl*2*«».2 

300016 

300017 

XNL0GX»*L0GX-*LQG1 

x2axiyxNLdCx  ' 

300013 

3  HO  flip 

PX2*PX4.25 

P  Y?  wPY  A  .  3  7 

300020 

300.071 

IP<  NLQGl* wT*10)  **L*1 
tW  (NLQGl.  fie  -  Ifll  ML*2 

300022 

300025 

CALL  CHAR(PXtPY,a.*.l0*2H10*2) 

CALL  CHAP(PX2.PY20...a7^LaG^4LJ 

30002L 

30032* 

ML0GXl«NL0Gl^l 

CO  10  laNLQGXl . MLQCX 

300025 

100327 

tfU.Lr^tai  hl*i 

_  _  IF(I.G£.I31  ;JL«2 

300  326 
OQfl  02.9 

:xai«i*2**v2 

300030 

?X«PX^X2_ 

3  03  0  5 1 

»X2*PXy,25 

CALL  CHAP  (PX.PY.fl.. .10. 2Mi0.2> 

303  332 
300331 

10  CALL  CHAR <PX2,PY2*0. ..07,IX*NL) 

00003+ 

c...craw  x-Axr?  rrcx  harks  unless  grxq  ts  ro  3?  cramn 

-  3  00  0  25 

py«py*.2«  1 

_  :P(L2RIQX.£a.lJ  GO  TO  ■=  fl 

303036 
_  3  00  0  37 

PYlaPY-*fl73 

300034 

?YT*PY-.l 

--  3QQQ3P 

30  50  I«f;L0GXl  •  NLQG  X 

aaaa-a 

.  IQ  «£  jrl.lQ 

300 0-t 

XJ*J*1 

CALL  9L0TLPVJ.PY.3I 

0000*2 

303 3.3 

ir<J.Nc.l  • A NO •  J.nE.IO)  GO  TO  20 
_  CALL  PL0TIPVX.PY3.pl  _ 

oaaa*« 

3000.5 

GO  TO  3Q 

0000*6 

20  CALL  PLOTfPXX.PY1.7! 

3020.7 

30  XLCGUt-ALOGtOIXJI 

_  IF( J- £Q- 101  SO  TO  eft  _ 

0003*4 

JOflfl.A 

VO  PXX«PX3*XLQG< Jl**2 

5Q  PX3«PXX  _ 

aooosa 

309351 

C«.  •LABEL  <-AXIS 

AO  PXaPYAX 

3QQ052 

000053 

PY*PYAX 

NYC MAR*  f ASS (NXCHARI 

00005k 

30C.0;* 

XNX *NXCHAR 

QGQC56 

PX5*.  5*  t  XAXL* (.  lk*YNYl  I  +  PX 

300 3 ?7 

PY5»PY-.LJ 

000  0  *4 

CALL  CHAR  (PY5.PV4.3 _ 1  fc  .  YA  Y  .  MXtCHAP  1 

lBfl  0 
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70  :F{NLaGY,£Q.3>  go  to  t4a 

- XAXP*PY*YAX4. - 

CAU.  PUJT(PX*PY,31 

_ "\LL-gLQT  I&X4JJJLSUZI  -  ■  ,  ,  . 

:*• •print  *-4xxs  Poncas  OF  tQ 

- uxst y _ 

PY3«*Y 

..  ..  gxagxjt^ia,- _ — - - - - 

Yi»YAXL*l,2-$ 

_ UL1&*HU1&22ZZ2±Z - —  -  . 

Y  NL  OG  V  *  HL  00  Y-*  L  0  G2 

- tssYtzvMcaox - 

PX2»PX*.2Z 

- PYZ*PY*«4/. - 

:F(NUaG2*UT^tOI  NL«l 

*jujiU2SZ^fium  nuu _ 

call  cha«<px,py,o. , .ta#2Hia,Z) 

- - CJu.L-Ci*Afi.cgxz>fljYZ>a>^^z.4a,oG»/4u - 

SC0GY1*HC0G2*1 

- - oa .  ao_i»  nlocy.  i  ..  *l  aax — - 

rFCI.LT.10l  ml *1 

- - LgU.cz.  to  _ 

:xci)*r»2**^2 

_ ?t*etjfc.xz - 

py2»py*#37 

. ~CAU^.&MAAl&X«PY,.<U.».>10»4H14U2i - 

SO  CALL  CHA*<PX2,?YZ,a.,.a?,lX.ML) 

-  y.iirs  MLZ&&  g&ia  ^ 

PX*PX*,»0 

- iF-tLCzxaY.cQ^iL  Ga_ra.  tin _ 

®Xl*PX-.375 

.  .  PX3*PX-*1 _ _ _ 

CO  120  X*NLCGY1 ,  NLCGY 

- ia  urn.  j*qia _ 

_ _ CALL-  PLOTCP  X  *PY.Y  , _ 

IF(J.Ne.i  .  ANO«  J.NS«  XO )  GO  70  90 

_  - _ CAU_PLaTlPX3..PYY,21. _ 

SC  TO  100 

- 50 - CALU-PUi:.  ( ?  XI ,  PTTi2J _ 

lao  rtoGc j> *ALCGia t yji 

IFtJ.ca.xai  GO  TO  120....  _  _ 

110  ®YY«PV J*YLCG< J)*Y2 

120  PYl*PYY  _ _ _ 

C...LA8EL  Y-4XXS 

_  130  PX*PXAX _  _ _ -  -  _  -■ 

PY»PYAX 

.  _ _ NYCMAft*  L18S (NYCMAA1 _ 

TNT *N YCMAP 

-  .  .  ?XJ*PX-.5  _ _ _ _ 

PY5*.5»  fYiXL-f .  t«**YNY1l  ♦PY 

- CAUL.  CM  A a  l  FX1 *  U  5  ^3-l<.l*3/Z---l..~YAX.*YeHAigl  _ 

140  tFtLGA:ox.;4e.ii  go  to  xro 

C...0MH  x*GP 10  _  _ 

PYAX»PY»YAXL 

.  .  .  .  PY$*PX  .  ..  ...  _ _ _ 

PYS*PY 

_J »xr«px _ 

PYT*PY 

CALL  PL0T(PX*tP*a.3l  _  _ 

*XLOS«*L C  GX-NL 0  G 1 

30  ISO  1*1 » NXLOG  _ _ „ _ 


300  OSO 
000  0  fcX 
300062 
joflm- 
000064 
000  065-. 
300  Q06 

900066 
-Laa-s^s- 
300070 
*0043317 1— 
CQQ  072 

-100071. 
300  37** 
jQoars 
3Q0076 
1003 77- 
900  07  S 
-004074- 
000030 
444A64L 
300062 
000063* 
900  Cd«* 
444465- 
33333a 
3033=7 
300333 
443464- 
000090 
000  0  91  ■ 
3000=2 
300,19  3 
00009* 

.oooxas- 

000096 

■  OOQ  092- 
000  0  96 
■100  7,99 
000130 
ilia  tfl  1 
903102 

.OaOAOX. 

300104 
,.100X09 
000106 
inn  1  r»y 

300133 

■  103139 
000  110 

441111 
300  112 
400103. 
30011* 
413.115- . 
000116 
41UH.17.. 
300 113 
4  00413. 
303 120 
400121.. 
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XJ«1. 

- 30  JAIL  g —  -  - 

XJ*X  JM. 

_ P-Xa»P*7»X7*AlflC!JmtJ5 

CAUL  ?L0T<PYt«?Y«,3l 

_ call.  plot  tax*  caxtuuai _ 

XJ»XJ*1. 

_ i£u.£a.3j  GO.ra.15a. _ 

j»X6aPX7»x2* ALOGIO IXJ) 

_ GAUL  PLOT LPX&„PYAX^U _ 

CAU.  PL0T(PX6*PY6«Z> 

_ L5U - C  0NT1NU£ _ 

160  P*7»PX7*X2 

_l/a_Xf.iURlQY^4£^J_fl£luaM _ 

:.**oiuk  t-GRio 

. . PM  x«PX»xaxi -  -  -  — 

PX6*PX 

_ 2.Y6JU25 _ 

CALL  PL0T(PX6tAY6.3) 

_ HXL0G*>11^GX.-ALJGZ _ 

00  150  C«1*NYLJG 


30  tlO  J*l*3 

_ r  l* _ 

PY6*PY7*Y2*ALOG10  tYJ) 

_ CALL-PLOT  <P.X6*PY6.*1) _ 

CALL  PLOT (PXAX t PY6* 2) 

_ lJ*r.4±L# _ 

XF< J«c0«5  >  GO  TO  160 

_ ._PY**PY7*Y**_ALQGia<YJ!_ 

CALL  PL0T(PXAX,Pt6f 31 

_ CAUL  PLOT  (PXG*?_Y6*£1_ 

160  CCNTXNUc 

190  TpY7«PY7»Y2 _ 

*ETU:*N 

_ £NO _ 


0001-6 
CAfll^L 
aoo t-6 
.hull.* 

JOOliO 
-3  ALU  1 
000X52 


<300 15** 

JUUUii. 
300 156 


TEST  NUtinER  51206 


♦  k  u  «  «  •  •  • 

jco'u/xrrxx  . 

OK  40  O  O  O  U  I 

•  i 

oo  £  U>^  C  vO  N  . 
J  ITS  «  J-  O  <M 

J-  NfOO  oo  ^  I 


i  O 
>  ui 

4rt  •  •  •  •  • 

K  2  X  2  2  K 


2  OO 

t-1  Ui  Ui  I 

r  (/i  oo 

r  s  t  v  s  1  r 

a.  o  o.  *->  *-  2  0. 

o.  o  o  *-  u.  o. 


ciM  u»(SJU)vD«4tf\a  •  *i  «noN*4Kvoaa  ^  h  ao 
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u.  *i*t<r<^x2uu.^-000»-40«i«Q 
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APPENDIX  D 

HYDRODYNAMIC  PARAMETER  TABULATIONS 
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BOUNDARY  LAYER  PARAMETERS  FOR  WATER  INJECTED  AT  VJ  -  .0383  FT/ SEC 


18.00  2.847  402064  .200  .033  .019  14693  53662  8766  5183  1.691  1.784 


TABLE  23 


BOUNDARY  LAYER  PARAMETERS  FOR  WATER  INJECTED  AT  V,  =  .6148  FT/SEC 


18.00  2.890  380716  .220  .038  .024  13706  55838  9729  6028  1.614  1.786 


TABLE  25 
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18.00  2.817  365801  .200  .032  .019  13510  48822  7682  4644  1.654  1.805 


BOUNDARY  LAYER  PARAMETERS  FOR  200  WPPM  POLYMER  INJECTED  AT  V,  “  .1532  FT/SEC 
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BOUNDARY  LAYER  PARAMETERS  FOR  400  WPPM  POLYMER  INJECTED  AT  V,  -  .1532  FT/SEC 


18.00  2.670  336725  .220  .034  .022  13121  49499  7522  4936  1.524  1.780 


18.00  2.798  368596  .240  .032  .020  13706  58975  7886  4891  1.612  1.832 


BOUNDARY  LAYER  PARAMETERS  FOR  500  WPPM  POLYMER  INJECTED  AT  V,  -  .0766  FT/SEC 


18.00  2.786  346175  .199  .042  .023  12928  45972  9627  5314 


BOUNDARY  LAYER  PARAMETERS  FOR  500  WPPM  POLYMER  INJECTED  AT  V,  =  .1532  FT/SEC 


18.00  2.760  410928  .219  .034  .021  15491  60105  9276  5793  1.601  1.814 


18.00 


BOUNDARY  LAYER  PARAMETERS  FOR  800  WPPM  POLYMER  INJECTED  AT  V,  «=  .0383  FT/SEC 


TABLE  40 


18.00  2.822  371758  .236  .036  .022  13706  58589  8986  5506  1.632  1.795 
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VELOCITY  PROFILE  SAMPLES 
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l 

I 


NOTE:  +10  -  add  .010  Inches  to  y  value;  +15  -  add  .015  Inches  to  y  value 


NOTE:  +10  -  add  .010  Inches  to  y  value 
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COMPUTER  PROGRAM  SKINFRIC 
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..  ;+r<r  'Z-.'J 
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tSCHE0,C0Re«L6,SCR*L,CLASS*E 

SFTNU(L.X.S) _ _ _ 

PROGRAM  SKINFRIC 

_ REAL  K »L . LAMBQA , INTGNQ1 , INTCNQ2 « INT GRL1 » IHT GRL2 _ 

DIMENSION  LAMBQA  (2561 ,X (256 ) ,CWX(256> , YlNTGl (2561 , TINTG2 (256) 

_ 0JH*NSlON_ri<50»  ,T2(S0I .OREXCSQl ,0IFtMT(5Ql  ,CF<2561  ,0£LTA(2561  _ 

DIMENSION  REX (256) , REXL (256 1 , WO (256) , UTAU ( 2561 ,0ELTA8L ( 256 I 

_ DIMENSION  CFT (256) _ 

COMMON  X,B,VOS, ALPHA, GAMMA, U, RE, CX,XCT,OELT,CXL 
_ _ 1  _fOR  HA  T  «8F  3,  0  ,  3  F 1  0 . 0_,  E  10.01 _ 

2  FORMAT (110, 3F10.0,6F5. 01 

3  FORMAT ( 1H1, 9X, *01** • F7, 2 , /, 10X , »XCT»« ,F6.3,/,10X, *VOS»*,FS. 3,/, 

~  A  10X,  •ALPMA*SF5.3,/,~ibx,'CAMHA*',F5.3,/,10X,  *8**,F5.3,/, 

9 _ IPX,  '*»« ,F5.3,/, IPX, *NU»« ,£12. 5 , / ,10X , «T£mP* « ,FS.l,/, 

C  10X, ,REXT*#,£l2.5,/tlOX, • XTRANS* • ,F6 • 31 

u  FORMAT ( *  NO  ROOT  IN  GIVEN  RANGE  *  1 _  _  _ _ 

5  FORMATS  9X,  •X~t ,  9X,  »R  EX’  ,AX,  'REXL'.flX,  'C«',5X,  'DELTA  *  «  AX  ,  *0^*  , 

X  LX, 'LAM90A',LX, *VS/V0S*,6X, 'UTAUU5X, 'OELT ABU N7X , 'CFT M 

6  FORMAT(F10.2,2F12.2#F10.2,Fl0.3,Flb,5,F10.3, 2FiO.L,F12*6  ,F10 .51 

7  FQRMAT(1H1,18X,  *X«  ,UX,  #INTl»rNT2*tl6X,  1  ORE  X  *  1 _ 

8  raOwTTJxT  •  (*,F5.2,  T  *,  F6,2,  M  -  .ZEzo.al 


c  _  _ _ 

9'COMT'fNU? 

_ READ  l,u, VOS. L. *CI, ALPHA, GAMMA, B,X.T,XCT,CXL,REXT 

fFur.EQTQ.01GQ  To  99 

READ  2,NITER,£PS,RES,EDREX,XB.XF,XINC,STEPX,XCTL,XCTH 

*c 

c  initializations  _  _ 

C  "  ■  ' 

_ V»3,6090135Sc«»5*T*(-7.l7973611E-?»T*t7.1Sa9  0612S-9» 

I  “T*(-3.$047?166E-il«>r*6.62377978E-lLTn 

N ST EPS* ( X  F- X  8) /STEPX»l.l _ 

UV*U/(V*1Z.  1 

_  XTRANS* REXT/UV _ 

UVS*U/VOS 

_ MPT*XINC/STEPX»1.1 _ _ 

Gm*(»ammA 
AL* ALPHA 

TF I  HPT.  EQ72*  (NPT /21  1  NPT*NFT> 1  " 

DELX* (NPT-1)*STEPX 
MINT*  <XF-XB1/OELX>.OOOOV 

REX0*UV*XB  _  _  _ 

P  REMK*  0T3 
00  15  I*1,NSTEPS 

X(I1*XBMI-1)*STEPX 

CNX  (I1*CMJCI,X(I1  jjLl _ _ 

15  *  CONTINUE 

10  CONTINUE  _ 

5’*mma*o.o  ‘ 

ALPHA  *1.0  _  _ _ __ 

-J$al 

__  9  IGX*  XB  _ _ _ _ 

INTGRL1 *0 • 0 
INTGRL2»0.0 
C 

C  GENERATE  A  TABLE  OF  X, CM, LAMBDA  ANO  INTEGRANQS 

_c 


O  Ci 
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_  00  30  I*1#NST£PS _ 

CX«CWX(I) 

_ REX<I)*UV*XCI> 

XF(XC~X)Yt.g.XCT)GO  TO  27 
REXUI>*UV*  CXCD-XCT) 

- — - - 

GAHHAaGH 
ALPHA* At 

_ XL* 5  * _ 

F1*F(XU 
00  20  j*6«400 

XM»  j 
F2*F(XM> 

mri  **27CtyiiT0  rc*r  rtr~?5 - - 

F1*F2 

20  CONTINUE 

PfcldY  4 

CO  TO  99 

2T  Continue 

CALL  FALPOStXL,XH«Nm*«a£S'£PS*LANeOAtXn 

50  T(T2'9 - 

27  CONTINUE 

- ro?r<Trr«rrm - 

LAH00ACI)*1.73552533G*^EXII)**.25 
^29  CONTINUE  “ 

RC*REXL(U 

v  iNTcz  <  r>  *int6nomlansoai  minm - 

yintgi(I)*intgndhlan0OA(I)  txcin 

- 770  (TTiU757aNwnrm - 

CF<I) *2»/ C LAMBDA (I)*LAM60A(I) ) 

OELTA(I)*OELT  - 

UTAU<t)*VVQUl*VOS 

- 0ELTA8LTD  *7*0£LT*i2*  /UTAUT(T) - 

30  CONTINUE 


PREFORM  INTEGRATION 


00  60  1*1, MINT 

- 3TGX*QTGX*0EL.X  - - 

OR£X(I)*8IGX*UV-REXO 

- TmS*NPT-l - 

N*0 

- 30  55  J*J5*'JE - 

N*M+1 

- Yl<Mr*YtNTGlUl - 

T2(NI*rINTG2CJI 

- 55 - CONTINUE - 

J$*J£ 

- CAtL  SIMPSON  f  NPT,  S TEP X  ,  TT ,  TZTTTNrTYTTfTT 

INTGRL1*INTGRL1*Y1N1 

- TNTGRC2*INTGRL74-n>l2 - 

OIFINT (I) *INTGRL1-INTGRL2 

bQ  w  UNl  INUt  _ 

RELER*  <  OIFINT  fNlNTI -PREOIF) /OiriNT f MINT) 

- rrmsTREtE*t~n.T;soRex)[,o  to  75 - 

0EL*01FINT (NINT)-OREX (NINT) 

- »RCDTT50mNTTNrnr> - 

IF(0£L*CT#0«0)GO  TO  65 

- XCTH*XC1 - 

XCT*.5*<XCTL«-XCTM> 

- GO  TO  ID - 
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65  CONTINUE 
x6TL*XCY 

XCT*.5*UC7L*XCTH1 
GO  TO  TO 

75  CONTINUE  _ 

PRINT  3.CI.XCT. VOS. ALPHA, GAMMA. S.K, V.  T, ft EXT , X TRANS 
PRINT  5 

00  79  1*1 .NSTEPS 

IF(X (I) « GT . XCT)  GO  TO  76 _ 

CFTU>«CF(Xt 
60  TO  78 

Tt  Continue  : 

IF (X ( I) «GT«  XTR ANSI  60  TO  77 
GM«  <X<I>-kCT)/<XTRANS-XCTT 
XCL*1.735525336*REXCII**.25 
CFL*2./  tXLL*XLL) 

CFT  <I>* (l.*GM)*CFL*6M*CFfI) 

GO  TO  78 
77  CONTINUE 

CFT (I ) *CF  (I) 

_78 _ CONTINUE _ _ 

PRINT'  6.XCI)  fR£XCI>  ,REXL(I> *CMX (II . OELTA (I) «CF(I) .LAMBDA (II  , 
X  VVOCI)  .UTAUtll  •0ELTA8L(I),CFTC) 

79  CONTINUE 
PRINT  7 
8IG'X*X0 

00  80  1*1. HINT 
9IGX*0I6X*OELX 

PRINT  S.XS.aiCX.OIFINTd)  .OREX(I) _ 

TO  CONTINUE 
GO  TO  9 
‘99  CONTINUE 


C 

T 

c. 

c 

c 


c 


ENO 

SUBROUTINE  FlLPOStXt. XH.N.R.E, X3> 

SUBROUTINE  FALPOS  USES  THE  HETHQQ  JF  FALSE  POSITION  TO  FIND  THE  »00T  OF 
A  NONLINEAR  EQUATION  .  THE  USER  SUPPLl£l“fHE  NONLINEAR  EQUATION  IN  THE 
FORM  OF  A  FUNCTION  ROUTINE  F{X1«0.0 

xl  *  lon  Estimate  or  root 

XH  *  HIGH  ESTIMATE  OF  ROOT 
N  ■  NUMBER  0?  ITERATIONS 
R*  RE5I0UAL.A8S (F (AN$) ) #LT.  RJ 


c 

E  *  TOLE^iNCE  3ETNEEN  SUCCESSIVE  APPROXIMATIONS  .  ABSUl-X^V  .tT.c 
BOTH  R  ANO  £  HAVE  TO  9E  SATISFIED  FOR  CONVERGENCE 

£ 

ii~*  R00T'5F_T  h  E  n  OnL I  n  E  /nTWDITTWi 
i  FORMAT  f  '  SOLUTION  OOES  NOT  CONVERGE  IN*. 15.'  ITERATIONS') 

XI*  XL 

X2*XH 

00  10  1*1 .  N  “  "" 

X21*X2-X1 

x3*xi*f  ixrmFTxii-nx2Tm(2i 

7*F(X3) 

1TTWS  ( 2 GT •  R )  60  TO  7 

IF  C  ABS  ( X2t ) .LT.EJRETURN 
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0I1CNSI0N  Y1<1J,  Y2  f  II _ _ 

viMTi*ri  in  ♦ri  (NiVi*»ri  cn-ij 

YINT?«T 2 (1) »V2(NI»4 *«Y2  (N-l) 
H»N-3 


i 


00  10  1*2  ,*,2 

YInT i  *r  INTi *4  •  *yi  <  I)*2.*yi <I*t)  "  “ 

YINT?*YINT244*  #Y2(I)*2**Y 2(1*11 

10 

CONTINUE 

YINTl*M*YINTl/3. 

YlNT2*M*Y'lNT2/3. 

return 

7n5 

FUNCTION  CM (CX «  X,L) 

REAL  L  - 

XL* X/L 

K«.ai»cx*.aofli 

GO  TO  (100.200,990,400,500,990,990,8001  ,K 

loir 

CONTINUE 

CN*CI*( ,97187*XL*(1 ,4495*XL*  (-6 #403* 3 *96539* XL) I > 

"Tf<  XL*GT • « 66 I CM* , 007*CI 

GO  TO  9Q0 

200~ 

CONTINUE 

CN*CIM  *96372 *XLM  1.580  i*XL*  (-9.  84557*3. 17897*XL)  1  1 

TF(XL.fit*.87)CM*.0(J>*CI  ’ 

GO  TO  900 

400  CONTINUE 

CW*CI*< .97238*XL*(1.2537*XL# (-4*684 9*2. 3182*XLI 1  I 

IF(XL*GT,,60ICU«.O14«CX 

GO  TO  900 

500 

CONTINUE 

CW-CIM1.  C0124*XL*<-.i7774§*XLM  *535748-1.6  046*XL)  1 1 

"TF(XL.GT..93rCW*.OOe*CI 

GC  TO  900 

a  oo' 

CONTINUE 

CN*CI*<  .99383*XL*ti.022i5*XL#(-5.9056«*3.9775*XU  II 

900 

IF( XL.St. .09)CM**D25*CI 

CONTINUE 

*"I F  ( CM « 6 T •  Cl •  OR .  X « L t  ,«*,rcW«CI 

RETURN 

990  CONTINUE 

STOP 

cNO 

UNCTION  Ft LAHSOAI 

COUPON  X,  9*  VdS  ,  AUPNA  , GAHHA  , U.REX  , CX  , XC T  ,  OEL  I  A, CXL 

REAL  LAH60A.K 

~~  "  ULV*U7L’AH90A7VOS 

IF  (CX*  GT  •  CXU  GO  TO  20 

XK*K*»LPHA*CX»*GAHHA 

GO  TO  30 

2  0  CuH  TIN  U  E 

xk*<*alpha*cxl**gamha 

3lT 

"TTONTTNUE 

P*L AM80A*lAH80A-4*  395604396* ALOG ( • Q6*REX*UL Y**XK)**2 

‘fETUKN 

ENO 

^UNCTION  iNTCNdi ILambOa ,x  j 

REAL  INTGNOl ,L AM80A , K 

COMMON  <79,«/o^at:p^a,^mha,u,rex,cx,xct,delt4,cxl 
vv*u/lahboa/vos 

‘AL^ALOSt^l - 

IF  (CX.GT,  CXL)  GO  TO  20 


20  CONTINUE 

_ Z» ALPHA  *C  XL  *fGA  NHA 

30  CONTINUE  “  ‘ 

IF  t  X  «  GT  «  XCT <  CO  TO  IQ _ 

OELTA«5T*X/SORT (REX I 
_SO  TO  15 
10  CONTINUE 

_  0£LTA«EXPC<*<LAHQOA-e>>  •VV*  (-<♦?) _ 

15  CONTINUE  ~  * 

A0£L«AL0C tOSLTA) _ 

AOLl*ADEL*l"I  ’  “  ' 

Pt*Z*ALV*(2./X*A0L1^2^8^Z*ALVI 
F2«2./K*AOLl*<8-l*/Ktn./CIC*K»*AQEL*A6CL*8*e 
_ INTGNOl*0ELTA»  (Pl^PZ) 

RETURN  '  “  ~  ~  - 

£NO 

FUNCTION TnF5N0?  (LAH0OA  *  X I  “ 

_ REAL  INTGN02«LAH80A «K 

CON  HON  <  «  a  «  VOS  «  ALPHA  ♦  CA  HH  A  f  U^REXVCX  .  XCT  f~0ELT*A7C  XL~“ 
VVU/LAH8QA/VOS 
ALV*ALOCfVVI 

g  (CX.CT.  CXL>  GO  TO  20 _ 

^~ALPHA*CX**dA»1HA 
60  TO  30 
20  CONTINUE 

z*alpha*cxl**ganha 

30  CONTINUE 

IF<X«GT«XCTT60  TO  10 _ 

OELTA«5.*X/SQRT<REX> 

60  TO  15 
10  CONTINUE 

C£L7i*CXP<K-<LAN80A-8»» •»V**C*K*Z» 

15  CONTINUE 

A0SL»AL06 (DELTA) _ 

aoli*aoel-i* 

Pl^OELT  A*LAHR0A*GAHHA*Z/CX* ALV 
P2*  U  ♦  1 .  /  tK*K) '*  AOL  i*8-l7/K 
INTCN02*P1*P2 
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